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Preface 


As a natural material, timber is unique, innovative and easy to handle. It is sustainable, 
environmentally friendly, can be readily recycled, and as sawn sections or quality- 
controlled engineered products, timber has a large potential market for use as a structural 
and building material. However, the existing civil and structural engineering curricula 
neglect, to a large extent, the importance of timber as a viable engineering material and 
as a consequence relatively few textbooks provide information on the design of timber 
structures. Also, most books have tended to concentrate on designs in accordance with 
BS 5268, a permissible stress-based design, with limited information on designs to 
Eurocode 5, which is based on a limit states design philosophy. 

BS 5268 is to be replaced by Eurocode 5 in the very near future and all timber designs 
in the United Kingdom will have to be carried out in accordance with this code. This 
book is based solely on the use of Eurocode 5: Design of Structures. Part 1-1: General — 
Common Rules and Rules for Building, referred to as ECS in the book, and incorporates 
the requirements of the associated UK National Annex. There is a pressing need for 
practising engineers as well as specialist contractors, postgraduate and undergraduate 
students of civil and structural engineering courses to become familiar with the design 
rules in ECS and this book offers a detailed explanation and guide to the use of the code. 
It provides comprehensive information and a step-by-step approach to the design of 
elements, connections and structures using numerous worked examples and encourages 
the use of computers to carry out design calculations. 

Chapter 1 introduces the nature and inherent characteristics of timber and gives an 
overview of timber and its engineered products as structural and building materials, 
and includes design-related information on the strength and stiffness properties re- 
quired for design in accordance with the requirements of ECS. In Chapter 2 the design 
philosophy used in Eurocodes is explained. It includes information on the relevance 
of the requirements of Eurocode 0 to ECS as well as the significance of the effects of 
moisture content, load duration, creep behaviour and size factors etc., in the design 
process. 

Chapter 3 gives an overview of Mathcad®, a computer software package used to 
carry out mathematical calculations, and details its simplicity and the advantages that 
it provides when used for design calculations. The software is commonly used in design 
offices and universities and the aim is to encourage readers to use computing as a tool to 
increase their understanding of how design solutions vary in response to a change in one 
or more of the variables and how alternative design options can be easily investigated. 
The design of basic elements is explained and illustrated in Chapters 4 and 5 whilst 
the design of more specialised elements such as glued-laminated straight, tapered and 
curved beams and columns, thin webbed and thin flanged beams and built-up columns 
is covered in Chapters 6—8 using numerous worked examples. 


xi 


xii 
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In Chapter 9, the lateral stability requirements of timber structures are addressed, and 
the design of stability bracing and the racking resistance of floor and wall diaphragms 
using the rules in ECS are explained. 

The design of connections using metal dowel type fasteners is covered in Chapter 
10. It includes an overview of the theory used for connection design together with 
a comprehensive coverage of the lateral and axial strength requirements of nailed, 
screwed and bolted joints. The lateral stiffness behaviour of these types of connections 
is also covered in Chapter 10 as well as the design of connections with multiple shear 
planes. Several step-by-step worked examples are provided to illustrate the design 
methods explained in this chapter. 

Chapter 11 covers the strength and stiffness behaviour of connectors such as toothed 
plates, split-rings and shear plates. In Chapter 12, the design of rigid and semi-rigid 
connections subjected to combined moment and lateral forces is addressed with ex- 
amples showing the significant effect on joint and member behaviour when semi-rigid 
behaviour is included in the design process. 

At the time of publication of the book a Draft Amendment Al to ECS is being 
processed. An outline of the proposed changes being considered is given in Appendix 
C and where an amendment will result in a change to the design procedure described 
in the book, reference is made to the draft proposal in the text. 

All design examples given in this book are produced in the form of worksheet files 
and are available on a CD to run under Mathcad Version 11, or higher. Details are 
given at the back of the book (see page 542). The examples are fully self-explanatory 
and well annotated and the authors are confident that the readers, whether practising 
design engineers, course instructors or students, will find them extremely useful to 
produce design solutions or prepare course handouts. In particular, the worksheets 
will allow design engineers to undertake sensitivity analyses to arrive at the most 
suitable/economic solution(s) very quickly. 

To prevent any confusion between the numbering system used in the book and that 
used in the Eurocodes, where reference is made in the text to a specific section, item 
number, or table in a Eurocode and/or its accompanying UKNA, it is given in italics. 
For example 6.4.2 refers to item 6.4.2 of EC5 whereas 6.4.2 refers to Section 6.4.2 in 
Chapter 6 of the book. 

Permission to reproduce extracts from British Standards is granted by BSI. British 
Standards can be obtained from BSI Customer Services, 389 Chiswick High Road, 
London W4 4AL. Tel: +44 (0)20 8996 9001. email: cservices@bsi-global.com 


Chapter 1 
Timber as a Structural Material 


1.1 INTRODUCTION 


Timber from well-managed forests is one of the most sustainable resources available 
and it is one of the oldest known materials used in construction. It has a very high 
strength to weight ratio, is capable of transferring both tension and compression forces, 
and is naturally suitable as a flexural member. Timber is a material that is used for a 
variety of structural forms such as beams, columns, trusses, girders, and is also used in 
building systems such as piles, deck members, railway sleepers and in formwork for 
concrete. 

There are a number of inherent characteristics that make timber an ideal construction 
material. These include its high strength to weight ratio, its impressive record for dura- 
bility and performance and good insulating properties against heat and sound. Timber 
also benefits from its natural growth characteristics such as grain patterns, colours and 
its availability in many species, sizes and shapes that make it a remarkably versatile and 
an aesthetically pleasing material. Timber can easily be shaped and connected using 
nails, screws, bolts and dowels or adhesively bonded together. 

The limitations in maximum cross-sectional dimensions and lengths of solid sawn 
timbers, due to available log sizes and natural defects, are overcome by the recent 
developments in composite and engineered wood products. Finger jointing and various 
lamination techniques have enabled timbers (elements and systems) of uniform and 
high quality in any shape, form and size to be constructed; being only limited by the 
manufacturing and/or transportation boundaries. 

Timber structures can be highly durable when properly treated, detailed and built. 
Examples of this are seen in many historic buildings all around the world. Timber 
structures can easily be reshaped or altered, and if damaged they can be repaired. 
Extensive research over the past few decades has resulted in comprehensive information 
on material properties of timber and its reconstituted and engineered products and their 
effects on structural design and service performance. Centuries of experience of use of 
timber in buildings has shown us the safe methods of construction, connection details 
and design limitations. 

This chapter provides a brief description of the engineering properties of timber that 
are of interest to design engineers and architects, and it highlights that, unlike some 
structural materials such as steel or concrete, the properties of timber are very sensitive 
to environmental conditions; for example moisture content, which has a direct effect 
on the strength and stiffness, swelling or shrinkage of timber. A proper understanding 
of the physical characteristics of timber enables the building of safe and durable timber 
structures. 
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Fig. 1.1. Cross-section of tree trunk. 


1.22 THE STRUCTURE OF TIMBER 


Structural timber is sawn (milled) from the trunk of the tree, which provides rigidity, 
mechanical strength and height to maintain the crown. Trunk resists loads due to gravity 
and wind acting on the tree and also provides for the transport of water and minerals 
from the tree roots to the crown. Roots, by spreading through the soil and acting as a 
foundation, absorb moisture-containing minerals from the soil and transfer them via the 
trunk to the crown. Crown, comprising branches and twigs to support leaves, provides 
a catchment area producing chemical reactions that form sugar and cellulose that cause 
the growth of the tree. 

As engineers we are mainly concerned with the trunk of the tree. A typical cross- 
section of a tree trunk, shown in Figure 1.1, illustrates its main features such as bark, 
the outer part of which is a rather dry and corky layer and the inner living part. The 
cambium, a very thin layer of cells underside the inner bark, is the growth centre of 
the tree. New wood cells are formed on the inside of the cambium (over the old wood) 
and new bark cells are formed on the outside and as such increasing the diameter of 
the trunk. Although tree trunks can grow to a large size, in excess of 2 m in diameter, 
commercially available timbers are more often around 0.5 m in diameter. 

Wood, in general, is composed of long thin tubular cells. The cell walls are made 
up of cellulose and the cells are bound together by a substance known as lignin. Most 
cells are oriented in the direction of the axis of the trunk except for cells known as 
rays, which run radially across the trunk. The rays connect various layers from the 
pith to the bark for storage and transfer of food. Rays are present in all trees but are 
more pronounced in some species such as oak. In countries with a temperate climate, 
a tree produces a new layer of wood just under the cambium in the early part of every 
growing season. This growth ceases at the end of the growing season or during winter 
months. This process results in clearly visible concentric rings known as annular rings, 
annual rings, or growth rings. In tropical countries, where trees grow throughout the 
year, a tree produces wood cells that are essentially uniform. The age of a tree may be 
determined by counting its growth rings [1, 2]. 

The annular band of the cross-section nearest to the bark is called sapwood. The 
central core of the wood, which is inside the sapwood, is heartwood. The sapwood is 
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lighter in colour compared to heartwood and is 25-170 mm wide depending on the 
species. It contains both living and dead cells and acts as a medium for transportation 
of sap from the roots to the leaves, whereas the heartwood, which consists of inactive 
cells, functions mainly to give mechanical support or stiffness to the trunk. As sapwood 
changes to heartwood, the size, shape and the number of cells remain unchanged. In 
general, in hardwoods the difference in moisture content of sapwood and heartwood 
depends on the species but in softwoods the moisture content of sapwood is usually 
greater than that of heartwood. The strength and weights of the two are nearly equal. 
Sapwood has a lower natural resistance to attacks by fungi and insects and accepts 
preservatives more easily than heartwood. 

In many trees and particularly in temperate climates, where a definite growing season 
exists, each annular ring is visibly subdivided into two layers: an inner layer made 
up of relatively large hollow cells called springwood or earlywood (due to the fast 
growth), and an outer layer of thick walls and small cavities called summerwood or 
latewood (due to a slower growth). Since summerwood is relatively heavy, the amount 
of summerwood in any section is a measure of the density of the wood; see Figure 1.1. 


1.3 TYPES OF TIMBER 


Trees and commercial timbers are divided into two types: softwoods and hardwoods. 
This terminology refers to the botanical origin of timber and has no direct bearing on 
the actual softness or hardness of the wood as it is possible to have some physically 
softer hardwoods like balsa from South America and wawa from Africa, and some 
physically hard softwoods like the pitchpines. 


1.3.1 Softwoods 


Softwoods, characterised by having naked seeds or as cone-bearing trees, are generally 
evergreen with needle-like leaves (such as conifers) comprising single cells called 
tracheids, which are like straws in plan, and they fulfil the functions of conduction 
and support. Rays, present in softwoods, run in a radial direction perpendicular to the 
growth rings. Their function is to store food and allow the convection of liquids to where 
they are needed. Examples of the UK grown softwoods include spruce (whitewood), 
larch, Scots pine (redwood) and Douglas fir. 


1.3.1.1 Softwood characteristics 
¢ Quick growth rate (trees can be felled after 30 years) resulting in low-density 
timber with relatively low strength. 
¢ Generally poor durability qualities, unless treated with preservatives. 
¢ Due to the speed of felling they are readily available and comparatively cheaper. 


1.3.2. Hardwoods 


Hardwoods are generally broad-leaved (deciduous) trees, which often lose their leaves 
at the end of each growing season. The cell structure of hardwoods is more complex than 
that of softwoods with thick-walled cells, called fibres, providing the structural support 
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and thin-walled cells, called vessels, providing the medium for food conduction. Due 
to the necessity to grow new leaves every year the demand for sap is high and in some 
instances larger vessels may be formed in the springwood, these are referred to as 
‘ring-porous’ woods such as in oak and ash. When there is no definite growing period 
the pores tend to be more evenly distributed, resulting in ‘diffuse-porous’ woods such 
as in poplar and beech. Examples of the UK grown hardwoods include oak, beech, ash, 
alder, birch, maple, poplar and willow. 


Hardwood characteristics 
e Hardwoods grow at a slower rate than softwoods, which generally results in a 
timber of high density and strength, which takes time to mature, over 100 years 
in some instances. 
e There is less dependence on preservatives for durability qualities. 
e Due to the time taken to mature and the transportation costs of hardwoods, as most 
are tropical, they tend to be expensive in comparison with softwoods. 


British Standard BS 5359:1991 [3] provides a list of some 500 timbers of economic 
interest in the United Kingdom and tabulates softwoods and hardwoods including their 
standard names, botanical names/species type and also, where relevant, their alternative 
commercial names with sources of supply and average densities. 


1.4 NATURAL CHARACTERISTICS OF TIMBER 


Wood as a natural material is highly varied in its structure and has many natural 
characteristics or defects which are introduced during the growing period and during 
the conversion and seasoning process. Often such characteristics or defects can cause 
trouble in timber in use either by reducing its strength or impairing its appearance. 


1.4.1 Knots 


These are common features of the structure of wood. A knot is a portion of a branch 
enclosed by the natural growth of the tree, normally originating at the centre of the 
trunk or a branch. The influence of knots depends on their size, shape, frequency 
and location in the structural member. The presence of knots has adverse effects on 
most mechanical properties of timber as they distort the fibres around them, causing 
fibre discontinuity and stress concentrations or non-uniform stress distributions. Their 
effects are further magnified in members subjected to tensile stress either due to direct 
or bending stresses. For example, the presence of a knot on the lower side of a flexural 
member, being subjected to tensile stresses due to bending, has a greater effect on the 
load capacity of the member than a similar knot on the upper side being subjected to 
compressive stresses. 

The presence of knots in round timber has much less effect on its strength properties 
than those in a sawn timber. When a log is sawn, the knots and fibres surrounding 
them will no longer be continuous — thus, adversely affecting the strength properties; 
whereas in the round timber there are no discontinuities in the wood fibres and often 
the angle of grain to the longitudinal axis is smaller than that in the sawn timber. 
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Table 1.1 Effect of grain deviation on strength properties of timber 


Compression parallel 
Bending strength to grain Impact loading 
Slope of grain (%) (%) (%) 
Straight grain 100 100 100 
1 in 20 (3°) 93 100 95 
1 in 10 (6°) 81 99 62 
1in5 (11.5°) 55 93 36 


In general, the size, shape, frequency and location of knots influence the quality and 
hence the grade of softwood timbers for structural use, with better grades having fewer 
and smaller knots. 


1.4.2 Slope of grain 


Wood grain refers to the general direction of the arrangement of fibres in wood and 
is expressed with respect to the longitudinal axis of the sawn timber or the round 
timber (log or pole). In general, the direction of the fibres does not lie truly parallel to 
the longitudinal axis of the sawn or round timbers. In softwoods, the deviation with 
respect to the log (longitudinal) axis is often constant, resulting in the production of 
spiral grain. Interlocked grains are often produced in tropical hardwoods where the 
grain direction changes routinely from one direction to another. 

A cross grain occurs when the grain direction is at an angle to the longitudinal axis 
of the sawn section. A cross grain occurs during conversion (sawing process) as a result 
of conversion of a bent or heavily tapered log or a log with spiral or interlocked grain. 

Grain deviation can severely impair the strength properties of timber. Visual grading 
rules limit the grain deviation; in general, a grain deviation of | in 10 is accepted for 
high-grade timber whereas | in 5 often relates to a low-grade one. The effect of grain 
deviation on some properties of timber is shown in Table 1.1. 


1.4.3 Reaction wood 


Reaction wood is referred to abnormal wood tissues produced in tree trunks subjected to 
strong wind pressures. Horizontal branches and leaning branches are believed to form 
reaction wood in an attempt to prevent them from excessive bending and cracking under 
their own weight. There are two types of reaction wood: in softwoods it is referred to as 
compression wood and in hardwoods as tension wood. Compression wood, Figure 1.2, 
forms on the underside of branches of leaning softwoods and contains more lignin 
than normal wood. Tension wood forms on the upper sides of leaning hardwoods and 
contains more cellulose than normal wood. 

Reaction wood is much denser than normal wood with the specific gravity of around 
35% greater in compression wood and 7% greater in tension wood. Longitudinal shrink- 
age is also greater, 10 times more than normal for compression wood and 5 times for 
tension wood. Timber containing compression wood is liable to excessive distortion 
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Fig. 1.2. Compression wood (dark patch). 


during drying and tends to fail in a brittle manner. It is harder to drive a nail in com- 
pression wood, there is a greater chance of it splitting, and compression wood may 
take a stain differently than normal wood. Most visual strength grading rules limit the 
amount of compression wood in high quality grades. 


1.4.4 Juvenile wood 


This is a wood that is produced early in the first 5—20 rings of any trunk cross-section 
(Figure 1.1) and, in general, exhibits lower strength and stiffness than the outer parts of 
the trunk and much greater longitudinal shrinkage than mature, normal wood. Juvenile 
wood is mainly contained within the heartwood. In this regard, in young, fast grown 
trees with a high proportion of juvenile wood, heartwood may be inferior to sapwood, 
but is not normally considered a problem. 


1.4.5 Density and annual ring widths 


Density is an important physical characteristic of timber affecting its strength proper- 
ties. Annual ring width is also critical in respect of strength in that excessive width of 
such rings can reduce the density of the timber. Density can be a good indicator of the 
mechanical properties provided that the timber section is straight grained, free from 
knots and defects. The value of density as an indicator of mechanical properties can 
also be reduced by the presence of gums, resins and extractives, which may adversely 
affect the mechanical properties. In this regard, the prediction of strength on the ba- 
sis of density alone is not always satisfactory. Research studies show a coefficient of 
determination, R?, ranging between 0.16 and 0.4 for density and 0.2 and 0.44 for the 
annual ring width [4]. 
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Specific gravity or relative density is a measure of timber’s solid substance. It is 
generally expressed as the ratio of the oven-dry weight of the timber to the weight of 
an equal volume of water. Because water volume varies with the moisture content of 
the timber, the specific gravity of timber is normally expressed at a certain moisture 
content. Basic oven-dry specific gravity of commercial timber ranges from 0.29 to 
0.81, most falling between 0.35 and 0.60. 


1.4.6 Conversion of timber 


Once the tree is felled in the forest, the crown is removed and often it is also debarked in 
the forest. Logs are then classed and stockpiled under water sprays to prevent them from 
drying out. Some of the better quality ones are sent to peeling plants for the manufacture 
of veneers but the majority (depending on the quality) are sent to sawmillers to convert 
round logs to sawn timber. There are many cutting patterns used to produce timber, 
but the first step in most sawmill operations will start by scanning the log for the best 
alignment and cutting pattern for optimum return; then removing one or two wings 
(slabs) from the logs to give some flat surfaces to work from. The log, referred to as a 
cant, is turned on a flat face and sawn through and through to give boards (sections) of 
the required thickness. 

Each sawmill establishes its own cutting patterns for different sized logs; maximising 
the number of pieces cut in the most popular sizes. Through conversion produces 
mostly tangentially sawn timber and some quarter sawn sections. Tangential timber 
is economical to produce because of the relatively less repetitive production methods. 
Boxing the heart (Figure 1.3) eliminates the heartwood from the boards that would 
otherwise produce shakes, juvenile wood or may even be rotten. 

The quarter sawn techniques are more expensive processes, with more wastage, 
because of the need to double (or more) handle the log. They are, however, more 
decorative and less prone to cupping or distortion. 

There are several alternative variations of tangential and radial cuts to obtain the best 
or most economical boards for the end use. Examples of methods of log breakdown 
and different cutting patterns are shown in Figure 1.3. 

In growing trees, all cell walls including their voids, in both heartwood and sapwood, 
are saturated with water (moisture content in excess of 100%). When a tree is cut and its 
moisture content falls to around 27%, the only moisture left is the bound water, which 
is the moisture that is part of the cell wall. This state is referred to as fibre saturation 
point. Wood, in general, is dimensionally stable when its moisture content is greater 
than the fibre saturation point. The process of drying (seasoning) timber should ideally 
remove over a third of the moisture from the cell walls. Timber at this stage is referred to 
as seasoned with a moisture content of between 12 and 25% (depending on the method 
and duration of drying, i.e. air, kiln, solar, microwave, etc.). Wood changes dimension- 
ally with change in moisture below its fibre saturation point: it shrinks when it loses 
moisture and swells as it gains moisture. These dimensional changes are mostly in the 
direction of the annual growth rings (tangentially), with about half as much across the 
rings (radially) and as such mainly affect cross-sectional dimensions (perpendicular to 
the grain) and can result in warping, checking or splitting of wood. Longitudinal shrink- 
age of wood (shrinkage parallel to the grain) for most species is generally very small. 
The combined effects of radial and tangential shrinkage (differential shrinkage) can 
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Fig. 1.3. Examples of log breakdown and cutting pattern. 
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Fig. 1.4. Distortion of various cross-sections [5]. 


distort the sawn timber. The major types of distortion as a result of these effects after 
drying for various cross-sections cut from different locations in a log are shown in 
Figure 1.4. 

The change in moisture content of timber also affects its strength, stiffness and 
resistance to decay. Most timber in the United Kingdom is air-dried to a moisture content 
of between 17 and 23% (which is generally below the fibre saturation point) at which the 
cell walls are still saturated but moisture is removed from the cell cavities. Figure 1.5 
highlights a general relationship between strength and/or stiffness characteristics of 
timber and its moisture content. The figure shows that there is an almost linear loss in 
strength and stiffness as moisture content increases to about 27%, corresponding to the 
fibre saturation point. Further increase in moisture content has no influence on either 
strength or stiffness. It should be noted that although for most mechanical properties 
the pattern of change in strength and stiffness characteristics with respect to change in 
moisture content is similar, the magnitude of change is different from one property to 
another. It is also to be noted that as the moisture content decreases shrinkage increases. 
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Fig. 1.5. General relationship between strength and/or stiffness and moisture content. 
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(b) Seasoning defects 


Fig. 1.6. Defects in timber. 


Timber is described as being hygroscopic, which means that it attempts to attain an 
equilibrium moisture content with its surrounding environment, resulting in a variable 
moisture content. This should always be considered when using timber, particularly 
softwoods, which are more susceptible to shrinkage than hardwoods. 

As logs vary in cross-section along their length, usually tapering to one end, a board 
that is rectangular at one end of its length might not be so at the other end. The 
rectangular cross-section may intersect with the outside of the log, the wane of the 
log, and consequently have a rounded edge. The effect of a wane is a reduction in 
the cross-sectional area resulting in reduced strength properties. A wane is an example 
of a conversion defect and this, as well as other examples of conversion or natural 
defects, is shown in Figure 1.6a. 
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1.4.7 Seasoning 


Seasoning is the controlled process of reducing the moisture content of the timber so 
that it is suitable for the environment and intended use. There are two main methods 
of seasoning timber in the United Kingdom, air-drying and kiln-drying; other less 
common methods include solar and microwave techniques. All methods require the 
timber to be stacked uniformly, separated by spacers of around 25 mm to allow the 
full circulation of air etc. around the stack. Often, ends of boards are sealed by a 
suitable sealer or cover to prevent rapid drying out through the end grains. However, 
with air-drying it is not possible to obtain less than 16-17% moisture content in the 
United Kingdom. Further seasoning would require to be carried out inside a heated 
and ventilated building. 

The kiln-drying method relies on a controlled environment that uses forced air 
circulation through large fans or blowers, heating of some form provided by piped 
steam together with a humidity control system to dry the timber. The amount and 
duration of air, heat and humidity depend on species, size, quantity, etc. 


1.4.8 Seasoning defects 


Seasoning defects are directly related to the movements which occur in timber due to 
changes in moisture content. Excessive or uneven drying, as well as the presence of com- 
pression wood, juvenile wood or even knots, exposure to wind and rain, and poor stack- 
ing and spacing during seasoning can all produce defects or distortions in timber. Exam- 
ples of seasoning defects such as cupping (in tangential cuts), end splitting, springing, 
bowing, twisting, etc. are illustrated in Figure 1.6. All such defects have an effect on 
structural strength as well as on fixing, stability, durability and finished appearance. 


1.4.9 Cracks and fissures 


1.4.10 


They are caused by separation of the fibres along the grain forming fissures and cracks 
that appear on one face or at the end grain but do not necessarily continue through to 
the other side. Their presence may indicate decay or the beginnings of decay. 


Fungal decay 


This may occur in growing mature timber or even in recently converted timber, and in 
general it is good practice to reject such timber. 


1.5 STRENGTH GRADING OF TIMBER 


The strength capability of timber is difficult to assess as often there is no control over its 
quality and growth. The strength of timber is a function of several parameters including 
the species type, density, size and form of members, moisture content, duration of the 
applied load and presence of various strength reducing characteristics such as slope of 
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grain, knots, fissures and wane. To overcome this difficulty, the strength grading method 
of strength classification has been devised. Several design properties are associated with 
a strength grade; these include modulus of elasticity and bending strength parallel to the 
grain, strength properties in tension and compression parallel and perpendicular to the 
grain, shear strength parallel to the grain and density. The design properties of timber 
are determined non-destructively through visual strength grading criteria or by machine 
strength grading via measurements such as the following: flatwise bending stiffness, 
using a three-point loading system; density, using x-rays or gamma rays techniques; 
and modulus of elasticity, by means of resonant vibrations (dynamic response) using 
one or a combination of these methods. 

The requirements for strength grading of timber are detailed in the following 
standards: 


¢ BS EN 14081-1:2005 [6] 
¢ BS EN 14081-2:2005 [7]. 


Most European Union countries have their own long-established visual grading rules 
and as such guidance for visual strength grading of softwoods and hardwoods is 
provided in the following British Standards: 


¢ BS 4978:1996 [8] 
¢ BS 5756:1997 [9]. 


1.5.1 Visual grading 


Visual grading is a manual process carried out by an approved grader. The grader 
examines each piece of timber to check the size and frequency of specific physical 
characteristics or defects, e.g. knots, slope of grains, rate of growth, wane, resin pockets 
and distortion. 

The required specifications are given in BS 4978 and BS 5756 to determine if a piece 
of timber is accepted into one of the two visual stress grades or rejected. These are 
general structural (GS) and special structural (SS) grades. Table 2 of BS 5268-2:2002 
[10] (reproduced here as Table 1.2) refers to main softwood combinations of species 
(available in the United Kingdom) visually graded in accordance with BS 4978:1996 
[8]. 


1.5.2 Machine grading 


Machine grading of timber sections is carried out on the principle that stiffness is 
related to strength; where the relationship between the modulus of elasticity, E, and 
the modulus of rupture of a species of timber from a certain geographical location is 
determined from a statistical population, based on a substantial number of laboratory 
controlled tests. There are a number of ways for determining the modulus of elasticity, 
including resonant vibration (dynamic response), but the most common methods are 
either load- or deflection-controlled bending tests. The machine exerts pressure and 
bending is induced at increments, along the timber length. The resulting deflection (or 
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Table 1.2. Softwood combinations of species and visual grades that satisfy the 
requirements for various strength classes* 


Timber species Grade and related strength classes 


British grown timber 


Douglas fir GS (C14), SS (C18) 
Larch GS (C16), SS (C24) 
British pine GS (C14), SS (C22) 
British spruce GS (C14), SS (C18) 
Imported timber 

Parana pine GS (C16), SS (C24) 
Caribbean pitch pine GS (C18), SS (C27) 
Redwood GS (C16), SS (C24) 
Whitewood GS (C16), SS (C24) 
Western red cedar GS (C14), SS (C18) 
Douglas fir-larch (Canada and USA) GS (C16), SS (C24) 
Hem-fir (Canada and USA) GS (C16), SS (C24) 
Spruce-pine-fir (Canada and USA) GS (C16), SS (C24) 
Sitka spruce (Canada) GS (C14), SS (C18) 
Western white woods (USA) GS (C14), SS (C18) 
Southern pine (USA) GS (C18), SS (C24) 


*Timber graded in accordance with BS 4978:1996; based on Table 1.2, BS 5268-2:2002. 


the load to induce a known deflection) is then automatically measured and compared 
with pre-programmed criteria, which leads to the direct grading of the timber section 
and marking with the appropriate strength class. An example of the grading marking, 
based on the requirements of BS EN 14081-1:2005, is shown in Figure 1.7. 

In general less material is rejected if machine graded; however, timber is also visually 
inspected during machine grading to ensure that major, strength-reducing, defects do 
not exist. 


1.5.3 Strength classes 


The concept of grouping timber into strength classes was introduced into the United 
Kingdom with BS 5268-2 in 1984. Strength classes offer a number of advantages 
both to the designer and the supplier of timber. The designer can undertake the design 
without the need to check on the availability and price of a large number of species and 
grades that might be used. Suppliers can supply any of the species/grade combinations 


Key: 

PRODUCT PRODUCT: producer identification 
CODE: Code number of documentation 
M DRY GRADED: used if appropriate 
NBODY: identification of notified body 
CODE DRY GRADED C24 M: machine graded 

C24: strength class or grade and grading 


Fig. 1.7. Example of grading marking. 
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1.5.3.1 


that meet the strength class called for in a specification. The concept also allows new 
species to be introduced to the market without affecting existing specifications for 
timber. 

BS EN 338:2003 [11] defines a total of 18 strength classes: 12 for softwoods — C14, 
C16, C18, C20, C22, C24, C27, C30, C35, C40, C45 and C50; and six for hardwoods — 
D30, D35, D40, D50, D60 and D70. The letters C and D refer to coniferous species (C 
classes) or deciduous species (D classes), and the number in each strength class refers 
to its ‘characteristic bending strength’ in N/mm/ units; for example, C40 timber has 
a characteristic bending strength of 40 N/mm/?. It ranges from the weakest grade of 
softwood, C14, to the highest grade of hardwood, D70, often used in Europe. 


Material properties 

Section 3 of BS EN 1995-1-1:2004 (referred to in the text as EC5) [12] deals with 
the material properties and defines the strength and stiffness parameters, stress—strain 
relations and gives values for modification factors for strength and deformation un- 
der various service classes and/or load duration classes. EC5, in common with other 
Eurocodes, does not contain the material property values and this information is given 
in a supporting standard, i.e. in Table 1 of BS EN 338:2003, reproduced here as 
Table 1.3. 

The characteristic values are defined as the population 5th-percentile values obtained 
from the results of tests with a duration of approximately 5 min at the equilibrium 
moisture content of the test pieces relating to a temperature of 20°C and a relative 
humidity of 65%. 

In addition to providing characteristic strength and stiffness properties and density 
values for each strength class (and the rules for allocation of timber populations, i.e. 
combinations of species, source and grade, to the classes), BS EN 338:2003 lists the 
equations that form the relations between some of the characteristic values given in 
Table 1.3 for properties other than bending strength, mean modulus of elasticity in 
bending and density. 

The relationships between the characteristic strength and stiffness properties are 
given as follows: 


Tensile strength parallel (0) to grain, fi,o,x = 0.6 fim,k 
Compression strength parallel (0) to grain, fo.o,k = 5( payee 
Shear strength, fy, = minimum of {3.8 and 0.2(fm,x)°*} 
Tensile strength perpendicular (90) to grain, f,90,x = minimum of {0.6 and 
0.0015 ox} 
Compression strength perpendicular (90) to grain, 
Sc.90,k = 0.0079, for softwoods 
fe.o0.k = 0.0159, for hardwoods 
Modulus of elasticity parallel (0) to grain, 
E005 = 0.67 Eo, mean for softwoods 
Eo.05 = 0.84Eo,mean for hardwoods 
¢ Mean modulus of elasticity perpendicular (90) to grain, 
E0,mean = Eo,mean/30 for softwoods 
F0,mean = E0,mean/15 for hardwoods 
¢ Mean shear modulus, Gmean = E0,mean/16. 
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1.6 SECTION SIZES 


In general, it is possible to design timber structures using any size of timber. However, 
since the specific use is normally not known at the time of conversion, sawmills tend 
to produce a range of standard sizes known as ‘customary’ sizes. Specifying such 
customary sizes will often result in greater availability and savings in cost. 

There are a number of alternative sizes and finishes of cross-sections. BS 4471:1978 
[13] provides sizes and tolerances for three types of surface finish: sawn, planed and 
regularised. For example, the deviation in sawn sections at a moisture content of 20% 
are as follows: for thicknesses and widths up to 100 mm, —1 mm and +3 mm, and for 
over 100 mm sizes, —2 mm and +6 mm. Sawn sections should only be used in situations 
where dimensional tolerances are of no significance. Planing two parallel edges to a 
specified dimension is referred to as regularising and if all four edges are planed to 
specified sizes, the process is referred to as planed all round. The requirements of EC5 
for timber target sizes (i.e. specified sizes) are those given in BS EN 336:2003 [14] and 
in its National Annex. This standard specifies two tolerance classes: tolerance class 
1 (T1) is applicable to sawn surfaces, and tolerance class 2 (T2) applicable to planed 
timber. Regularised timber can be achieved by specifying T1 for the thickness and T2 
for the width. For T1, dimensions of up to 100 mm are limited to —1/+3 mm and 
dimensions of over 100 mm to —2/+4 mm. For T2, dimensions of up to 100 mm are 
limited to —1/+1 mm and those over 100 mm to —1.5/+1.5 mm. 

The commonly available lengths and cross-section sizes are also listed in the UK 
National Annex of BS EN 336, and are referred to as target sizes. The ‘target size’ is 
defined as the specified timber section size at a reference moisture content of 20%, and 
to which the deviations, which would ideally be zero, are to be related. The target sizes 
can be used, without further modification, in design calculations. 

In general, the differences between BS 4471 and BS EN 336 are minor and should 
not present any problems to specifiers and suppliers in the United Kingdom [4]. The 
customary target sizes, whose sizes and tolerances comply with BS EN 336, for sawn 
softwood structural timber, for structural timber machined on the width and for struc- 
tural timber machined on all four sides are given in Table 1.4. In Table 1.5 the range 
of lengths of sawn softwood structural timber are detailed. 


1.7 ENGINEERED WOOD PRODUCTS (EWPs) 


The readily available sawn sections of softwood are limited in size and quality. The 
largest section sizes available are 75 mm thick x 225 mm wide and at most 5 m 
in length. Any larger section sizes would suffer from both conversion and seasoning 
defects. EWPs are developed to overcome the limitations of sawn timber and are 
produced, in combination with adhesives, in a variety of forms: 


e dried thin planks of wood are glued together to form glued-laminated timber or 
glulam; 

e veneered, by peeling logs, and bonded together in different layouts to produce 
plywood or laminated veneer lumber (LVL); 
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Table 1.4 Customary target sizes of structural timber* 


Sawn thickness 
(to tolerance 
class 1) (mm) 


Machined 
thickness 

(to tolerance 
class 2) (mm) 


Sawn width (to tolerance class 1) (mm) 


75 100 125 150 175 200 225 250 275 


300 


Machined width (to tolerance class 2) (mm) 


72 97 120 145 170 195 220 245 270 295 
22 19 Vv Vv Vv vv 
25 22 VV Vv vv Vv Vv 
38 35 VV Vv Vv Vv Vv Vv 
47 44 VV Vv Vv Vv Vv Vv Vv x 
63 60 Vv Vv Vv Vv Vv Vv 
75 72 Vv vv Vv Vv Vv Vv 
100 97 Vv Vv viv v Vv 
150 145 af ‘ 


Certain sizes may not be obtainable in the customary range of species and grades that are generally available. 


BS EN 336 has a lower limit of 24 mm. However, as thinner material is used in the United Kingdom the customary sizes 
of such material are also listed here. 


x applies only to sections with sawn width or thickness. 
*TIn accordance with Tables NA.2, NA.3 and NA.4 of BS EN 336:2003; for (i) sawn to tolerance class 1, (ii) machined 
on the width to tolerance class 2, (iii) machined on all four sides to tolerance class 2. 


e chipped, to different sizes, to produce fibreboards, chipboards or oriented strand 
board (OSB); and 
e sliced in different forms to produce parallel strand lumber (PSL) known as 
Parallam® or laminated strand lumber (LSL) known as TimberStrand®. 


These products are engineered and tested to predetermined design specifications to 
meet national or international standards. 

EWPs may also include products that are made by bonding or mechanically fixing 
together two or more of the above products to form structurally efficient composite 
members or systems such as I-beams and box beams or in combination with other 


Table 1.5 Customary lengths of structural timber* 


Length (m) 


1.8 

2.10, 2.40 or 2.70 
3.00, 3.30, 3.60 or 3.90 
4.20, 4.50 or 4.80 
5.10, 5.40 or 5.70 
6.00, 6.30, 6.60 or 6.90 
7.20 


Lengths of 5.70 m and over may not be readily available without finger jointing. 
*In accordance with Table NA.1, BS EN 336:2003. 
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materials to make a range of value-added systems such as structural insulated panels 
(SIPs). 

EWPs may be selected over solid sawn timber in many applications due to certain 
comparative advantages: 


e They can be manufactured to meet application-specific performance requirements. 

e Large sections or panels in long lengths can be manufactured from small logs with 
defects being removed or dispersed. 

e They are often stronger and less prone to humidity-induced warping than equiva- 
lent solid timbers, although most particle- and fibre-based boards readily soak up 
water unless they are treated with sealant or painted. 


EWPs are more expensive to produce than solid timber, but offer advantages, including 
economic ones, when manufactured in large sizes due to the rarity of trees suitable for 
cutting large sections. 


1.7.1 Glued-laminated timber (glulam) 


Glued-laminated timber, glulam, is fabricated from small sections of timber boards 
(called laminates) bonded together with adhesives and laid up so that the grain of 
all laminates is essentially parallel to the longitudinal axis. Individual laminates are 
typically 19-50 mm in thickness, 1.5—5 m in length, end-jointed by the process of 
finger jointing as shown in Figure 1.8a and then placed randomly throughout the 
glulam component. Normally, the laminates are dried to around 12-18% moisture 
content before being machined and assembled. Edge-gluing permits beams wider and 
larger than the commercially available sections to be manufactured after finger jointing. 
Assembly is commonly carried out by applying a carefully controlled adhesive mix to 
the faces of the laminates. They are then placed in mechanical or hydraulic jigs of the 
appropriate shape and size, and pressurised at right angles to the glue lines and held 
until curing of the adhesive is complete. Glulam is then cut, shaped, and any specified 
preservative and finishing treatments are applied. 

Timber sections with a thickness of around 33 mm to a maximum of 50 mm are used 
to laminate straight or slightly curved members, whereas much thinner sections (12 or 
19 mm, up to about 33 mm) are used to laminate curved members. Glued-laminated 
members can also be constructed with variable sections to produce tapering beams, 
columns, arches and portals (Figure 1.8). 

The laminated lay-up of glulam makes it possible to match the lamination quality to 
the level of design stresses. Beams can be manufactured with the higher grade laminates 
at the outer highly stressed regions and the lower grade of laminates in the inner parts. 
Such combined concepts permit the timber resource to be used more efficiently. 

Design of glued-laminated timber members is covered in Chapter 6 where the 
strength, stiffness and density properties of homogeneous (single grade) and com- 
bined (having outer laminations of higher grade) glued-laminated members are 
detailed. 
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(b) Five-ply plywood 


NANZNNNZZ 


(c) Three-ply blockboard 


(d) Five-ply blockboard 


ANZA 


———— rrr rr 


(a) The structure of a three-ply plywood (e) Laminboard 


Fig. 1.9. Examples of plywood and wood core plywood. 


1.7.2 Plywood 


Plywood is a flat panel made by bonding together, and under pressure, a number of 
thin layers of veneer, often referred to as plies (or laminates). Plywood was the first 
type of EWP to be invented. Logs are debarked and steamed or heated in hot water for 
about 24 hours. They are then rotary-peeled into veneers of 2-4 mm in thickness and 
clipped into sheets of some 2 m wide. After kiln-drying and gluing, the veneers are 
laid up with the grain perpendicular to one another and bonded under pressure in an 
odd number of laminates (at least three), as shown in Figure 1.9a. The outside plies, 
always made of veneer, are referred to as faces (face ply or back ply) and the inner 
laminates, which could be made of either veneers or sliced/sawn wood, are called core. 
Examples of wood core plywood include blockboards and laminboards, as shown in 
Figures 1.9c—1.9e. 

Plywood is produced in many countries from either softwood or hardwood or a 
combination of both. The structural grade plywoods that are commonly used in the 
United Kingdom are as follows: 


e American construction and industrial plywood 

e Canadian softwood plywood and Douglas fir plywood 

e Finnish birch-faced (combi) plywood, Finnish birch plywood and Finnish conifer 
plywood 

¢ Swedish softwood plywood. 


The plywood sheet sizes available sizes are 1200 mm x 2400 mm or 1220 mm x 
2440 mm. The face veneer is generally oriented with the longer side of the sheet except 
for Finnish made plywoods in which face veneers run parallel to the shorter side. 
Structural plywood and plywood for exterior use are generally made with waterproof 
adhesive that is suitable for severe exposure conditions. 

The structural properties and strength of plywood depend mainly on the number 
and thickness of each ply, the species and grade and the arrangement of the individual 
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(b) Bending about an axis perpendicular to the plane of the board 


Fig. 1.10. Plywood — axes of bending. 


plies. As with timber, the structural properties of plywood are functions of the type 
of applied stresses, their direction with respect to grain direction of face ply and the 
duration of load. 

Plywood may be subjected to bending in two different planes, depending on its 
intended use, and the direction of the applied stress and, therefore, it is important to 
differentiate between them: 


(i) Bending about either of the axes (i.e. x—x or y—y) in the plane of the board, as 
shown in Figure 1.10a; for example, in situations where it is used as shelving or 
as floor board. 

(ii) Bending about an axis perpendicular to the plane of the panel (i.e. z—z axis as 
shown in Figure 1.10b); for example, when it is acting as a web of a flexural 
member such as in ply-webbed beams. 


BS EN 636:2003 [15] details the requirements for plywood for general purposes and 
for structural application in dry, humid or exterior conditions. It also gives a classifi- 
cation system based on the bending properties. An indication of how the characteristic 
values for plywood panels can be determined is given in BS EN 12369-2:2004 [16]. 
The information given in this standard is not suitable for structural design and for this 
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purpose the characteristic strength and stiffness values of products with CE certification 
(marking) should be obtained from the manufacturers or suppliers. Often such infor- 
mation is available from manufacturers’ websites. 

The relevant grades, national standards and the quality control agencies relating to 
the structural grade plywoods that are commonly used in the United Kingdom are 
detailed in Table 1.6. 

Indicative strength, stiffness and density values for the American plywood grade: 
C-D exposure 1 (CDX) and Swedish plywood grade P30 are given in Table 1.7. 

In Tables 1.8—1.11 characteristic values for a range of Finnish plywoods that are 
used in the United Kingdom are given, based on the Handbook of Finnish Plywood 
[17]. 

In Tables 1.12 and 1.13 strength, stiffness and density values for unsanded CANPLY 
Canadian Douglas fir plywood and Canadian softwood plywood are given, respectively, 
based on data published by CANPLY Canadian Plywood Association [18]. 


1.7.3. Laminated veneer lumber (LVL) 


LVL, shown in Figure 1.11, is an engineered timber composite manufactured by lam- 
inating wood veneers using exterior-type adhesives. In production, LVL is made with 
thin veneers similar to those in most plywoods. Veneers, 3-4 mm in thickness, are 
peeled off good quality logs and vertically laminated, but unlike plywood, successive 
veneers are generally oriented in a common grain direction, which gives orthotropic 
properties similar to those in sawn timber. Certain grades of LVL also include a few 
sheets of veneer in its lay-up in the direction perpendicular to the long direction of the 
member to enhance the strength properties. LVL was first produced some 40 years ago 
and currently it is being manufactured by a number of companies in the United States, 
Finland, Australia, New Zealand and Japan. 

In the USA, LVL is manufactured from species such as southern yellow pine or 
Douglas fir by Weyerhaeuser (iLevel TrusJoist) under the name Microllam®; and in 
Finland LVL is manufactured from Spruce by Finnforest under the name Kerto-LVL. 
Kerto-LVL is produced as a standard product when all veneers are parallel (Kerto-S®) 
and also as Kerto-Q® in which approximately every fifth veneer is in the perpendicular 
direction. 

Standard dimensions of cross-section for Kerto-LVLs are shown in Table 1.14 
and the characteristic values for their strength and stiffness properties are given in 
Table 1.15. 


1.7.4 Laminated strand lumber (LSL), TimberStrand® 


LSL, shown in Figure 1.12, is manufactured in the USA by Weyerhaeuser (iLevel 
TrusJoist) under the registered name TimberStrand®. LSL is produced from strands of 
wood species (often aspen), up to 300 mm in length and 30 mm in width, or species 
combinations blended with a polyurethane-based adhesive. The strands are oriented 
in a parallel direction and formed into mats 2.44 m wide by up to 14.63 m long, 
of various thicknesses of up to 140 mm. The mats are then pressed by steam injec- 
tion to the required thickness. TimberStrands are available in dimensions of up to 
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Table 1.8 Finnish plywood: density values 


Mean density Characteristic density 
(kg/m*) (kg/m?) 
Plywood Pmean Px 
Birch (1.4 mm plies) 680 630 
Birch-faced (1.4 mm plies) 620 560 
Conifer (1.4 mm (thin) plies) 520 460 
Conifer (thick plies) 460 400 


140 mm thick x 1220 mm deep x 14.63 m long. Design values for the strength and 
stiffness properties of TimberStrand are given in Table 1.16. 


1.7.5 Parallel strand lumber (PSL), Parallam® 


PSL, shown in Figure 1.13, is manufactured in the USA by Weyerhaeuser (iLevel 
TrusJoist) under the registered name Parallam®. The manufacturing process involves 
peeling small-diameter logs into veneer sheets. The veneers are then dried to a moisture 
content of 2—3% and then cut into thin long strands oriented parallel to one another. 

The process of stranding reduces many of the timber’s natural growth and strength- 
reducing characteristics such as knots, pitch pockets and slope of grain. This results 
in a dimensionally stable material that is more uniform in strength and stiffness char- 
acteristics and also in density than its parent timbers. For bonding strands, waterproof 
structural adhesive, mixed with a waxed component, is used and redried under pressure 
in a microwave process to dimensions measuring 275 x 475 mm? in section by up to 
20 m in length. 


1.7.6 Oriented strand board (OSB) 


OSB is an engineered structural board manufactured from thin wood strands, flakes 
or wafers sliced from small-diameter round timber logs and bonded with an exterior- 
type adhesive (comprising 95% wood, 5% resin and wax) under heat and pressure; see 
Figure 1.14. 

OSB panels comprise exterior or surface layers that are composed of strands oriented 
in the long panel direction, with inner layers comprising randomly oriented strands. 
Their strength is mainly due to their multi-layered make-up and the cross-orientation of 
the strands. The use of water and boil-proof resins/adhesives provide strength, stiffness 
and moisture resistance. 

In the United Kingdom, OSB is often referred to as Sterling board or SterlingOSB. 
OSB has many applications and often is used in preference to plywood as a more 
cost-effective, environmentally friendly and dimensionally stable panel. It is available 
in various thicknesses of 8-25 mm with panel sizes of up to 2.4 m wide x 4.8 m long, 
which makes it an attractive product for floor decking, roof cladding, wall sheathing 
and for composite constructions such as SIPs, etc. 

BS EN 12369-1:2001 [19] provides information on the characteristic values for 
the three grades of OSB complying with BS EN 300:1997 [20] for use in designing 
structures to ECS: 
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(a) LVL samples (b) LVL beam and post 


t 2 


(c) LVL truss members (Cullen Building Products’ HQ during construction) 


Fig. 1.11. Laminated veneer lumber (LVL). 
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Table 1.14 Standard dimensions of cross-section for Kerto-LVL 


Kerto-LVL Thickness ee 

type (mm) 200 225 260 300 360 400 450 500 600 

S/Q 27 J a 

S/Q 33 vv ov 

S/Q 39 vioiv vv 

S/Q 45 Viv Vv vv 

S/Q 51 Viv Vv Vv vv 

S/Q 57 Viv Vv Vv Vv vv 

S/Q 63 Viv Vv Vv Vv Vv vv 

S/Q 69 Viv Vv Vv vv Vv Vv 

S 75 Viv Vv v Vv Vv Vv Vv 

S 90 Vv Vv Vv Vv Vv Vv Vv Vv 
Note: Kerto-LVL may also be supplied in widths up to 2500 mm; for availability contact Finnforest. 


Table 1.15 Kerto-LVL: strength and stiffness properties and density values 


Symbol 


Units 


Kerto-S® Kerto-Q® 


Characteristic values 
Bending 

Edgewise 

Size effect parameter* 
Flatwise 


Tension 
Parallel to grain 
Perpendicular to grain 


Compression 

Parallel to grain 

Perpendicular to grain 
edgewise 

Perpendicular to grain 
flatwise 


Shear 
Edgewise 
Flatwise 


Modulus of elasticity 
Parallel to grain 


Shear modulus 
Edgewise 


Density 
Mean values 


Modulus of elasticity 
Parallel to grain 


Shear modulus 
Edgewise 


Density 


Jm,0,edge,k N/mm? 44.0 


5 N/mm? 
Sim,0,ftat,k 

Siok N/mm2 
St,.90.k N/mm? 
Se.0,k N/mm? 
Fe,90,edge,k N/mm? 
fe,90,f1at, N/mm? 
J\,0,edge,k N/mm2 
Fr.o,fta,e = N/mm? 
Eox N/mm? 
Go.k N/mm? 
Px kg/m 
Eo,mean N/mm2 
Go,mean N/mm2 
Pmean kg/ ‘m? 


32.0 
0.12 0.12 
50.0 36.0 
35.0 26.0 
0.8 6.0 
35.0 26.0 
6.0 9.0 
1.8 1.8 
4.1 4.5 
233 1.3 
11600 8800 
400 400 
480 480 
13800 10500 
600 600 
510 510 


Bending flatwise: 
Jinoftark Ad Ep mean 
Shear flatwise: f, atk 
de sedge,k and Go mean 


as 


Tension or compression Tension or compression 
parallel to grain: perpendicular to grain 
ios Seox Ad Eo meanik edgewise: 

Jivo, and Fe00,edge.k 


Bending edgewise: 
Jondiedaek and Eo meank 
Shear edgewise: 


Compression perpendicular 
to grain flatwise: f. 90 atk 


*s is the size effect exponent referred to in Clause 3.4 of EC5 [12]. 
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Table 1.16 TimberStrand® (LSL): Strength and stiffness properties and density values 


Grade: Grade: 

Symbol Units 1.5E 1.7E 
Characteristic values 
Bending 
Edgewise fm,0,edge,k N/mm? 32.4 37.6 
Flatwise fmo.fia.k N/mm? 36.3 42.0 
Tension 
Parallel to grain St.0,k N/mm? 24.4 28.9 
Compression 
Parallel to grain Se.0,k N/mm? 25.4 31.0 
Perpendicular to grain —_f¢,90,edge,k N/mm? 8.9 10.1 
edgewise 
Perpendicular to grain —_fe.90,flat.k N/mm? 5.4 5.9 
flatwise 
Shear 
Edgewise S,0,edge,k N/mm? 8.6 8.6 
Flatwise Sv .0,flat,k N/mm? 3.2 32 
Density Pk kg/m? = 420 420 
Mean values 
Modulus of elasticity 
Parallel to grain Eo, mean N/mm? 10300 ~—-11700 
Shear modulus 
Edgewise Go,mean N/mm? 645 730 
Density Pmean kg/m? 650 690 


Bending flatwise: 
Smotatk @d Eo mean 
Shear flatwise: /, pak 


Bending edgewise: 
Sin,0,edge.k and Ep mean 
Shear edgewise: 


Arvdgeye and Go mean 


Compression 
perpendicular to grain 
flatwise: fio0,natk 
edgewise: ft.99,edge,k 


Compression or tension 
parallel to grain: 


Seon and fox 


Fig. 1.12. TimberStrand (LSL), courtesy of Weyerhaeuser (iLevel TrusJoist). 
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(a) 


Fig. 1.13. Parallam (PSL) — manufacturing process and in construction; photos (a) and 
(b) courtesy of Weyerhaeuser (iLevel TrusJoist). 
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(c) 


Fig. 1.14. OSB: (a) production before the press (photo courtesy of Wikipedia Foundation); (b) and 
(c) OSB boards and wall panels; (d) OSB webs in I-joists. 


¢ OSB/2 is a general purpose (unconditioned) load-bearing panel for use in dry 
conditions only (service class 1). 

¢ OSB/3 is a load-bearing structural panel for use in humid conditions (service 
classes | or 2). 

¢ OSB/4 is a heavy-duty load-bearing structural panel for use in humid conditions 
(service classes 1 and 2). 


OSB/3 and OSB/4 grades are intended for use in design and construction of load- 
bearing or stiffening building elements such as walls, flooring, roofing and I-beams. 
BS EN 12369-1:2001 gives the minimum characteristic values for OSB complying 
with EN 300:1997, which are summarised in Table 1.17. 


1.7.7. Particleboards and fibre composites 


Particle and fibre composites are usually available in panel form and are widely used 
in housing construction and furniture manufacture. There are several products in this 
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category and all are processed in a similar way. Examples include high-density fibre- 
board, medium-density fibreboard, tempered hardboard, cement-bonded particleboard, 
etc. For fibreboards, chips are refined to wood fibres by the aid of steam and then dried 
and adhesive is added to form a mat of wood particles and pressed until the adhesive 
is cured. After cooling the boards are cut to the required sizes. Wood chipboard is a 
particular derivative of this product family, and is made from small particles of wood 
and binder. 

In BS EN 312:2003 [21] seven types of particleboards (chipboards) are classified 
and are distinguished as follows: 


P1 general purpose boards for use in dry conditions 

P2 boards for interior fitments (including furniture) for use in dry conditions 
P3 non-load-bearing boards for use in humid conditions 

P4 load-bearing boards for use in dry conditions 

P5 load-bearing boards for use in humid conditions 

P6 heavy-duty load-bearing boards for use in dry conditions 

P7 heavy-duty load-bearing boards for use in humid conditions. 


Note that dry conditions refer to service class 1 only and humid conditions refer to 
service classes | and 2. 


The Pl, P2 and P3 grade particleboards (chipboards) are for general applications 
including furniture manufacturing and kitchen worktops. Boards of type P4—P7 are 
intended for use in design and construction of load-bearing or stiffening building ele- 
ments such as walls, flooring, roofing and I-beams. For dry internal applications grade 
P4 can be used. The P4 grade is adequate where no moisture will be encountered during 
or after construction. The moisture-resistant grade P5 is the most commonly specified 
flooring in the United Kingdom. It is used extensively in new build house building and 
refurbishment projects. Durability is achieved by using advanced moisture-resistant 
resins. A green identification dye is added to the surface of the P5 grade to visually 
differentiate it on-site. 

BS EN 12369-1:2001 gives the minimum characteristic values for particleboards 
complying with BS EN 312:2003, which are summarised in Table 1.18. 


1.7.8 Thin webbed joists (I-joists) 


I-joists are structurally engineered timber joists comprising flanges made from solid 
timber or LVL and a web made from OSB, plywood or particleboard. The flanges and 
web are bonded together to form an I-section member, a structurally efficient alterative 
to conventional solid timber. I-joists are economical and versatile structural elements 
in which the geometry permits efficient use of material by concentrating the timber in 
the outermost areas of the cross-section where it is required to resist the stresses. The 
flanges are commonly designed to provide the moment capacity of the beam and the 
web to predominantly carry the shear force; see Figure 1.15. 

I-joists are lightweight and can easily be handled by one or two persons, they gen- 
erally possess higher strength and stiffness than comparable-sized solid timber, resist 
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(a) 
Fig. 1.15. Typical I-joists and their application. 


shrinkage, warping, splitting and checking, and are more efficient than solid timber 
for large spans and loads. They can be used as structural framing in floors, walls and 
in flat and pitched roofs. They are susceptible to shear buckling and are unstable until 
braced laterally. Compression flanges should be supported to prevent lateral deflection 
and buckling. Web stiffeners may be required at the bearing supports and positions 
of concentrated loads; service holes in the web should only be located in areas where 
shear loads are low. 

I-joists can be designed using the rules in EC5 (see Chapter 7) and they are also 
available as proprietary systems. Manufacturers produce design guidance literature 
such as load span tables, permitted web hole requirements, joist hanger details, stiffener 
requirements, etc. In the United Kingdom, three main manufacturers or suppliers of 
I-joists are James Jones & Sons Ltd, iLevel TrusJoist (Weyerhaeuser) and Finnforest: 


e James Jones JJI-joists® manufactured at the company’s Timber Systems Division 
in Forres, Scotland, are available in a range of sizes familiar to the UK construction 
industry. Flanges are made with solid timber grade C24 and webs with 9-mm-thick 
OSB/3. Section depths range from 145 to 450 mm with flange widths from 45 to 
97 mm all 45 mm deep. 

iLevel TrusJoist TJI- joists are manufactured in the USA and shipped to the United 
Kingdom with LVL flanges and 9.5 or 11.5mm OSB/3 webs. They are available 
in a range of sizes and depths and in lengths up to 15 m. Section depths range 
from 220 to 406 mm with flange widths from 38 to 89 mm all 35 mm deep. 
Finnforest FJI-joists® manufactured at the company’s factory in King’s Lynn, 
England, have flanges produced from LVL, and a web of 10mm thick OSB/3. 
Section depths range from 195 mm to 400 mm with flange widths from 38 mm to 
89 mm all 39 mm deep. 


1.7.9 Thin webbed beams (Box beams) 


Box beams comprise solid timber, LVL or glulam flanges with plywood or OSB webs. 
The webs are generally glued to the flanges on each side to form a box shape. Machine 
driven nails/staples can be used to aid fabrication. 
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1.7.10 


Fig. 1.16. Box beam: (a) cross-section, (b) curved ply-box beam during construction 
(photo courtesy of Peter Yttrup and Fred Bosveld), and (c) tapered ply-box beam (photo 
courtesy of Catriona McLeod and Port of Brisbane Corporation, Australia). 


Similar to I-joists, the larger parts of the cross-section (flanges) of box beams are at 
the top and bottom where the flexural stresses are highest. Plywood box beam showing 
veneer on its webs can be used as part of the aesthetic finish as well as the structure. 

The hollow cross-section of the box profile also permits services to be run in the void 
inside the member giving a cleaner finish. It also gives the member torsional rigidity, 
which makes it more able to resist lateral torsional buckling or stresses due to eccentric 
loads. 

Box beams are manufactured in depths up to 1.2 m. Web stiffeners are used to help 
control shear buckling of the web and provide convenient locations for web butt joints; 
see Figure 1.16. They are also located at positions of point loads to counter localised 
web buckling. In box beams, the web joint locations are ideally alternated from side to 
side and away from the areas of highest shear. 

Unlike I-beams, which are factory produced in their final sections, it is not currently 
possible to buy box beams ‘off the shelf’. Box beams are normally designed specifically 
for each contract requirement and assembled on-site. 

The design of thin webbed joists and beams (I-joists and box beams) is covered in 
Chapter 7. 


Structural insulated panels (SIPs) 


SIPs are factory produced, pre-fabricated building panels that can be used as wall, 
floor and roof components in all types of residential and commercial buildings. They 
were developed in North America and have experienced wide-scale utilisation around 
the world. The biggest benefit with the system is that the structural support and the 
insulation are incorporated into a single system during manufacture. This enables high 
quality, more accurate thermal efficiency and a greater level of structural support to be 
achieved. 

They are composed of a core of rigid foam insulation, which is laminated between 
two layers of structural timber panels (boards) by industrial adhesives. This process 
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produces a single solid building element that provides both structural and insulation 
qualities. These panels are produced in varying sizes and thicknesses depending on the 
application and thermal/structural requirements. 

The materials used to produce these building components can vary greatly in both 
the structural sheathing and the inner insulation core. Materials commonly used in the 
United Kingdom for the panels are OSB grade 3, or plywood combined with a vari- 
ety of plastic foams including expanded polystyrene, extruded polystyrene, urethane 
and other similar insulation cores. Typical SIPs can be seen in Figure 1.17. Further 
information on the structural performance of SIPs may be obtained from the Structural 
Insulated Panel Association (SIPA) website and relevant research publications [22, 23]. 

In Table 1.19 the available range of EWPs is summarised and their applications are 
outlined. 


1.8 SUSPENDED TIMBER FLOORING 


A suspended flooring system generally comprises a series of joists closely spaced, 
being either simply supported at their ends or continuous over load-bearing partition 
walls. The floor boarding or decking is applied on the top of the joists and under- 
neath ceiling linings are fixed. A typical suspended floor arrangement is shown in 
Figure 1.18a. 

The distance between the centres of the joists is normally governed by the size of the 
decking and ceiling boards, which are normally available in dimensions of 1200 mm 
wide x 2400 mm long. The size of the decking and ceiling boards allows convenient 
joist spacings of 300 mm, 400 mm or 600 mm centre to centre. In addition, the choice 
of joist spacing may also be affected by the spanning capacity of the flooring material, 
joist span and other geometrical constraints such as an opening for a stairwell. 

The most common floor decking in domestic dwellings and timber-framed build- 
ings uses some form of wood-based panel products, for example chipboard, OSB or 
plywood. Solid timber decking such as softwood tongued and grooved (T&G) decking 
is often used in roof constructions, in conjunction with glued-laminated members, to 
produce a pleasant, natural timber ceiling with clear spans between the main structural 
members. The solid timber T&G boards are normally machined from 150-mm-wide 
sections with 38 to 75 mm basic thicknesses; see Figure 1.1 8b. 

The supports for joists are provided in various forms depending on the type of 
construction. Timber wall plates are normally used to support joists on top of masonry 
walls and foundations; see Figure 1.18e. In situations where joists are to be supported 
on load-bearing timber-framed walls or internal partitions, header beams or spreader 
members are provided to evenly distribute the vertical loads. Joist hangers are often 
used to attach and support joists onto the main timber beams, trimmer members, or 
masonry walls; see Figure 1.18c. 

Timber trimmer joists are frequently used within timber floors of all types of domestic 
buildings; see Figure 1.18a. There are two main reasons for which trimmer joists may 
be provided. First is to trim around an opening such as a stairwell or loft access (trimmer 
joists A), and to support incoming joists (trimmer joists B), and second is to reduce the 
span of floor joists over long open spans (trimmer joists C), as shown in Figure 1.18a. 

Trimming around openings can usually be achieved by using two or more joists 
nailed together to form a trimmer beam, as shown in Figure 1.18c, or by using a single 
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Fig. 1.17. SIPs during construction. 


but larger timber section, if construction geometry permits. Alternatively, trimmers can 
be of hardwood or glued-laminated timber, boxed ply-webbed beams, or as shown in 
Figure 1.18d, composite timber and steel flitched beams. 

All flooring systems are required to have fire resistance from the floor below 
and this is achieved by the ceiling linings, the joists and the floor boarding acting 
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Product Category Application Common sizes 
¢ Beams, columns, trusses, bridges, No theoretical limits 
Gk catninate portal frames, post and beam systems to size, length or 
¢ Industrial, commercial, recreational, shape 
residential and institutional 
¢ Beams, columns, vehicle decking, Length: up to 24 m 
door and window frame, formwork Width: 19-90 mm 
LVL Laminate system, flanges of I-joists Depth: 200-600 mm 
¢ Industrial, commercial, recreational, up to 2.5 m available 
residential and institutional 
¢ Beams, columns, truss members, Length: up to 14.6 m 
headers, portal frames, post and Width: 45-140 mm 
TimberStrand Composite beam systems Depth: 1220 mm 
e Industrial, commercial, recreational, 
residential and institutional 
¢ Beams, columns, truss members, Length: up to 20 m 
headers, portal frames, post and Width: 45-275 mm 
Parallam Composite beam systems Depth: 200-475 mm 
e Industrial, commercial, recreational, 
residential and institutional 
¢ Floor and roof joists, formwork, Length: up to 15 m 
ceiling ties, load-bearing stud wall Width: 38-97 mm 
I-joists System units, available as complete systems Depth: 0.2-0.6 m 
(cassettes). 
e Industrial, commercial, recreational, 
residential and institutional. 
Box b Bese ¢ Beams and columns Spans of 30-40 m 
Seca Voie ¢ Industrial and residential buildings are possible with 
portal frames 


together as a composite construction. For example, floors in two-storey domestic 
buildings require modified 30-min fire resistance (30-min load-bearing, 15-min in- 
tegrity and 15-min insulation). In general, a conventional suspended timber flooring 
system comprising 12.5mm plasterboard taped and filled, T&G floor boarding with at 
least 16 mm thickness directly nailed/screwed to floor joists, meets this requirement 
provided that where joist hangers are used they are formed from at least 1-mm-thick 
steel of strap or shoe type. Further information on fire safety and resistance is given in 
Section 1.11. 


1.9 ADHESIVE BONDING OF TIMBER 


In recent years there has been a significant advance in adhesive technology achieving 
high strength, stiffness and durability. These adhesives are now being used with timber, 
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Fig. 1.18. Suspended timber flooring — typical components. 


in the production of EWPs and also in timber construction to manufacture adhesively 
bonded components and connections (glued joints). 

Connections bonded by adhesives can result in a better appearance and are often 
stiffer, requiring less timber; if formed by thermosetting resins they can perform better 
in fire than mechanical connectors. Their main disadvantage is the high level of quality 
control that is required in their manufacture and they can also degrade in conditions of 
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fluctuating moisture content, in particular where dissimilar materials are involved. 
Examples of uses of adhesives in structural timber connections include finger joints, 
scarf joints, splice and gusset plates (using high-quality structural plywood plates), in 
the manufacture of I-beams, box beams, stress skin panels and in composite (sandwich) 
constructions where OSB or plywood side panels are bonded to a core of polystyrene 
such as in the manufacture of SIPs. 

Structural adhesives should be weather and boil proof to BS EN 301:2006 [24]. Ac- 
ceptable strength and durability can be achieved by using phenolic and aminoplastic- 
type adhesives as defined in BS EN 301:2006. The adhesives should meet the require- 
ments for adhesives type I or II as follows: 


e Type I adhesives, which will stand full outdoor exposure and temperatures up to 
and above 50°C. 

e Type II adhesives, which may be used in heated and ventilated buildings and 
exterior protected from weather. They may not be able to stand prolonged exposure 
to weather or to temperatures above 50°C. 


The following adhesives may be considered: 


¢ Resorcinol formaldehyde and phenol resorcinol formaldehyde 
Type: phenolic thermoset resin — for exterior use. 
Uses: finger jointing, laminating, timber jointing, etc. 
e Phenol-formaldehyde (PF) hot setting 
Type: phenolic thermoset resin — for exterior use. 
Uses: plywood, laminating, particleboard, etc. 
e¢ Melamine urea formaldehyde 
Type: aminoplastic thermoset resin — for semi-exterior and humid interior use. 
Uses: plywood, laminating, particleboard, timber jointing etc. 
¢ Urea formaldehyde 
Type: aminoplastic thermoset resin — for interior use. 
Uses: plywood, laminating, particleboard, timber jointing etc. 
¢ Casein adhesives 
Type: milk product — for interior use only. 
Uses: general purpose timber jointing. 


It should be noted that not all adhesives are classified in accordance with BS EN 
301:2006. It is therefore important for the designer to ensure that the adhesives se- 
lected are suitable for the specified service class and comply with the relevant building 
regulations. It is also important that timber is conditioned to a moisture content cor- 
responding to the average moisture content likely to be attained in service and that 
surfaces are properly prepared prior to gluing. 


1.10 PRESERVATIVE TREATMENT FOR TIMBER 


Under ideal conditions timber should not deteriorate, but when timber is used in exposed 
(outdoor) conditions, it becomes susceptible to degradation due to a variety of natural 
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causes. It will suffer rot and insect attack unless it is naturally durable or is protected by 
a preservative. In general, timber with a moisture content of over 20% is susceptible to 
fungal decay; timber of any species kept in dry conditions will remain sound; however, 
dry timber may be subjected to insect attack. Timber can be protected from the attacks by 
fungi, harmful insects or marine borers by applying chemical preservatives. The degree 
of protection achieved depends on the preservative used and the proper penetration and 
retention of the chemicals, as treatability varies among the species and also between 
their heartwood and sapwood. Some preservatives are more effective than others, and 
some are more adaptable to specific use requirements. 

There are a number of widely used methods of application of preservative treatments. 
Pressure impregnation with a water-borne agent is appropriate for timber in ground 
contact or high hazard conditions. Double vacuum impregnation with a solvent-based 
organic preservative is a preferred method for treating joinery timbers. Micro-emulsion 
treatments, which are water borne, with new more environmentally acceptable products, 
are now available in the market. Preservatives should be applied under the controlled 
conditions of an authorised wood treatment plant. 

British Standard BS 8417:2003 [25] provides guidance on the treatment of timber for 
use in the United Kingdom, and includes the requirements of key parts of other relevant 
BS and EN standards. Issues related to the requirement for preservative treatment 
include service life, in-service environment, species type and its natural durability as 
well as the type and form of the preservative treatment. 

BS EN 335-1:2006 [26] provides a description of use classes and lists the potential 
biological organisms and insects that may challenge the timber in a particular service 
condition. A summary of use classes is given in Table 1.20. 

Recommendations for the treatment of softwood timbers are given in BS 8417:2003. 
Further information on the protection of timber and timber products may be found in 
the following: 


e TRADA publication: Wood Information Sheet WIS 2/3-33 Wood preservation — 
Chemical and processes, 2005. 

¢ Wood Protection Association: Industrial Wood Preservation, Specification and 
Practice, Derby, 2006 (www.wood-protection.org). 


1.11 FIRE SAFETY AND RESISTANCE 


Fire safety involves prevention, detection, containment and evacuation; requiring pre- 
vention of the ignition of combustible materials by controlling either the source of 
heat, reducing the combustibility of the materials or providing protective barriers. This 
involves proper design and detailing, insulation or construction and maintenance of the 
building and its components. 

Timber and wood-based materials comprise mainly cellulose and lignin, which are 
combustible and will burn if exposed to an ignition source under suitable conditions. 
But this does not mean that due to its combustibility timber is an unacceptable material 
for construction use. Often the opposite is true. Due to its good thermal insulation 
properties, when timber burns a layer of char is created, which helps to protect and 
maintain the strength and structural integrity of the wood inside. This is why timber 
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Table 1.20 Use classes and possible biological organisms* 


Definition of 
service situation Biological organisms 
Use (location of Exposure to wetting 
classes | timber component) during service life Fungi Beetle — Termite Marine borers 
1 Above ground, None No Yes Possible No 
covered (dry) 
2 Above ground, Occasionally Yes Yes Possible No 
covered (risk of 
wetting) 
(i) Above ground, Occasionally 
exterior, protected ; 
3 Yes Yes Possible No 
(ii) Above ground, Frequently 
exterior, not covered 
(i) In contact with Predominantly or 
ground, exterior permanently 
and/or fresh water ; 
4 Yes Yes Possible No 
(ii) In contact with Permanently 
ground, severe 
exterior and/or 
fresh water 
5 In salt water Permanently Yes Yes Possible Yes 


*In accordance with BS EN 335-1:2006. 
i'The risk of attack can be insignificant depending on specific service situations. 


in large sections can often be used in unprotected situations where non-combustible 
materials such as steel would require special fire protection. 

The fire protection of timber depends on many factors including size, species type and 
moisture content. Smaller section sizes, low-density species and sections with cracks 
and fissures are more likely to ignite and burn more easily than larger and denser ones, 
and as such may require treatment with flame-retardant chemicals. This may also be 
a design requirement for situations that require the use of materials with better fire- 
resistance properties. The treatments used are based on formulations of water-soluble 
inorganic salts such as ammonium phosphate or water-soluble humidity-resistance 
formulations and organic resins. 

The choice of fire-retardant treatment depends upon many different factors, including 
the standard of performance required and the conditions in which the treated timber 
or panel products are to be used. There is much literature available on the choice of 
fire-retardant treatment and information is also available from specialist organisations 
including the following: 


e TRADA publication: Wood Information Sheet WIS 2/3-3, Flame Retardant Treat- 
ments for Timber, 2003. 

e The British Wood Preserving and Damp-Proofing Association, BWPDA Manual 
Section II, Industrial Fire Retardant Pre-Treatment of Timber, 1999. 
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The fire performance of all materials to be used in buildings (of various use), including 
wood and wood-based products, is given in the relevant Building Regulations operating 
in Scotland, England and Wales, and Northern Ireland. 

The design of timber structures for the accidental situations of fire exposure should 
be carried out in accordance with the requirements of Eurocode BS EN 1995-1-2:2004 
[27] in conjunction with EN 1995-1-1 [12] and EN 1991-1-2:2002 [28]. This standard 
describes the principles, requirements and rules for the structural design of buildings 
exposed to fire, so that 


— fire risks are limited with respect to the individual, neighbouring property, society, 
and where required, directly exposed property, in the case of fire, and 

— a detailed structural fire design is carried out covering the behaviour of the 
structural system at elevated temperatures, the potential heat exposure and the 
beneficial effects of active fire protection systems, together with the uncertainties 
associated with these three features and the consequences of failure. 
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Eurocodes form a set of documents that will enable building and civil engineering 
structures to be designed to common standards across the European Union using dif- 
ferent structural materials. The documents are structured on a hierarchical basis, led 
by EN 1990, Eurocode — Basis of structural design, defining the basis of structural 
design, followed by EN 1991, Eurocode 1: Actions on structures, which comprises 
ten parts, defining the actions that have to be withstood. These documents are sup- 
ported by a number of Eurocodes detailing the particular methods of design to be 
followed for the structural materials being used, i.e. structural timber, steel, concrete, 
etc. 

The Eurocode for the design of timber structures is EN 1995, Eurocode 5: Design 
of timber structures. It comprises three parts: 


e EN 1995-1-1 Design of timber structures — Part 1-1: General - Common rules 
and rules for buildings 

e EN 1995-1-2 Design of timber structures — Part 1-2: General — Structural fire 
design 

e EN 1995-2 Design of timber structures — Part 2: Bridges. 


EN 1995 covers the requirements for strength, serviceability, durability and fire resis- 
tance, with matters such as thermal or sound insulation etc., having to be obtained from 
other standards. 

The content of this book relates to the design of timber and wood-related products for 
buildings in accordance with the requirements of EN 1995-1-1. As stated in Chapter 1, 
the design of timber structures for the accidental situation of fire exposure should 
be carried out in accordance with the requirements of EN 1995-1-2, and this design 
condition has not been addressed in the book. 

In the United Kingdom, the British Standard currently used for the structural design 
of timber is BS 5268-2 [1], and is based on a permissible stress design philosophy. 
With this approach the behaviour of the structure and its elements are assessed at the 
working/service load condition. In EN 1995-1-1 a limit states design philosophy in 
which the requirements concerning structural reliability are related to limit states, i.e. 
states beyond which the structure or its elements will no longer satisfy performance 
criteria, is used. The latter approach provides a more realistic representation of the 
overall behaviour of the structure and is the philosophy that has been adopted for the 
Eurocode design suite. 
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In every Eurocode each item is defined as being either a Principle or an Application 
tule. A Principle is a statement or requirement that must be fully complied with unless 
an alternative is given in the document and an Application rule is a rule that will 
satisfy the Principle. Alternative design rules can be used by the designer provided it 
can be demonstrated that these will fully comply with the Principles and will produce 
an alternative design equivalent in regard to serviceability, structural integrity and 
durability. An important point to note, however, is that in such a situation the design 
cannot be claimed to be fully compliant with the EC and this may prove to be a problem 
if an EC marking is required for the design or substantiation of a product. Where an 
item in a Eurocode is prefixed by a number in brackets followed by the letter P it is a 
Principle and where it is only prefixed by a number in brackets it is an Application rule. 

Where it is considered that a national choice is appropriate for certain design rules 
or values of functions in a Eurocode, these items can be varied and are defined as 
Nationally Determined Parameters (NDPs). This information is given in a National 
Annex, which may also incorporate what is termed ‘non-contradictory complimentary 
information’ (NCCI), giving additional guidance on the interpretation or implemen- 
tation of the design rules in the Eurocode. If not included in the National Annex, the 
NCCI should be published in a separate document. 

For application in the United Kingdom, the Eurocodes are published by the British 
Standards Institution (BSI) incorporating the prefix BS before the Eurocode reference 
and when implemented nationally, the full text of each Eurocode will be preceded 
by the associated United Kingdom National Annex (UKNA). When designing to the 
Eurocode rules the NDP given in the UKNA must be used rather than the equivalent 
requirement in the Eurocode and because of the significance of the NDP in timber 
design, the authors consider it important that attention is drawn to these requirements 
when discussing the design rules in BS EN 1995-1-1:2004 [2]. This has been included 
for in the book. 

As each Eurocode incorporating its associated UKNA has still to be published in its 
final version by the BSI, the UKNA associated with BS EN 1990:2002 [3] and BS EN 
1995-1-1:2004 that has been referenced within the text and the examples given in the 
book are as follows: 


e UK National Annex for Eurocode 0 — Basis of structural design [4] 
e UK National Annex to Eurocode 5: Design of timber structures — Part 1-1: 
General — Common rules and rules for buildings [5]. 


The BSI publications of the following Eurocodes are regularly referenced in the book 
and the abbreviation used in the text for the relevant document is as follows: 


Abbreviation 
British Standard title used in text 
BS EN 1990:2002 ‘Eurocode — Basis of structural design’ [3] ECO 
BS EN 1991-1-1:2002 ‘Eurocode 1 — Part 1-1: General Actions — EC1 
Densities, self-weight and imposed loads for Buildings’ [6] 
BS EN 1995-1-1:2004 “Design of timber structures — Part 1-1: ECS 
General — Common rules and rules for Buildings’ [2] 
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Because of the importance of the design framework set by ECO, those matters that have 
a significant relevance to designs carried out in accordance with the requirements of 
ECS are briefly reviewed in Section 2.2. 


2.2 EUROCODE 0: BASIS OF STRUCTURAL DESIGN (EC0) 


ECO provides the framework within which design must be carried out and, as stated in 
Section 2.1, uses the limit states design method. 

In this section, the methodology to be used and its application to the design of 
structures made from timber and wood-related products are discussed, drawing on the 
content of EC5 to show how the requirements have been addressed and interpreted. 


2.2.1. Terms and definitions (ECO, J.5) 


Some of the terms and definitions used in ECO are slightly different to those normally 
used in UK timber design practice and the following, including some terms for those 
not familiar with limit states design, are to be noted: 


Action. This is the term used for a load or force applied to the structure (i.e. a direct 
action). This term is also used for imposed displacements, e.g. settlement (i.e. an 
indirect action). 

Effect of action. This is the term used for the internal stress resultants or displacements 
in the structure arising from the effect of the action. 

Permanent action. This is the term used for an action that will always act in the 
same direction (i.e. is monotonic) over a given reference period with negligible 
variation in magnitude, e.g. self-weight. 

Variable action. This is the term used for an action that is not monotonic and can 
vary with time, e.g. live loading. 

Limit states. States beyond which the structure will not comply with the design 
requirements that have been set. 

Ultimate limit states (ULS). Limit states associated with collapse or equivalent forms 
of failure. 

Serviceability limit states (SLS). Limit states beyond which defined service criteria 
will not be met. 

Irreversible SLS. SLS where some effects of actions having exceeded the SLS criteria 
will remain after the SLS actions have been removed. 

Reversible SLS. SLS where no effect of actions exceeding the SLS criteria will 
remain after the SLS have been removed. 

Serviceability criterion. A design requirement for a SLS. 

Resistance. This is the capacity of a structural element to withstand actions without 
failing, e.g. shear resistance, bearing resistance. 

Strength. This is the withstand capacity of the material at a failure condition, e.g. 
shear strength, bearing strength. 

Reliability. This is the ability of a structure or structural element to fulfil its design re- 
quirements over the design working life and is normally expressed in probabilistic 
terms. 
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2.2.2 Basic requirements (ECO, 2.1) 


The fundamental Principles that must be satisfied by any structure are given in ECO, 
2.1 and summarised as follows: 


e During its intended life it must sustain all actions likely to occur and remain fit 
for use. 

¢ It must have adequate structural resistance, serviceability and durability. 

e The fire-resistance requirements must be fully met. 

e It must not be susceptible to damage disproportionate to the original cause. 


The adequacy of the design for structural resistance, serviceability and durability will be 
satisfied by compliance with EC5S; fire resistance will be met by designing in accordance 
with the requirements of BS EN 1995-1-2:2004 [7] and robustness will be achieved 
by: 


(1) minimising hazards to which the structure can be exposed, 

(2) choosing a structural form that will be least affected by the types of hazard to 
be designed for, 

(3) selecting a structure that can survive localised damage including the removal of 
an individual member or a limited part of the structure, 

(4) avoiding as far as possible structural systems that can collapse without warning, 

(5) tying the structural members together. 


General guidance on the approaches that can be used to satisfy robustness requirements 
is given in the Designers’ Guide to EN 1990 [8]. 


2.2.3 Reliability management (ECO, 2.2) 


The design of the structure must satisfy reliability criteria and the conceptual require- 
ments to be met are given in ECO, 2.2. Consequences classes, categorised as high 
(CC1), medium (CC2) and low (CC3), dependent on the consequences of the loss of 
human life as well as economic, social or environmental consequences in the event of 
failure, have been set. The consequence category for most facilities in which timber or 
timber-related materials are used for structure or structural elements will be CC2. Each 
consequence class is linked to a reliability class (RC), with classes CC1, CC2 and CC3 
being linked to reliability classes RC1, RC2 and RC3 respectively. A reliability class 
has an associated reliability index 6, which can be considered as the safety index to be 
achieved for that class. 

For those facilities that come within the CC2 consequence category, the recom- 
mended minimum values of the reliability indices are given in Table 2.1 and, as stated 
in ECO, structures designed in accordance with the requirements of ECO, BS EN 1991, 
Eurocode 1: Actions on structures, and EC5 will generally result in a structure having a 
reliability index greater than 3.8 for a 50-year reference period. For a 50-year reference 
period, the recommended reliability indices will result in a probability of failure of the 
structure between 10-4 and 10~> at the ULS and 107! and 10? at the SLS. 

It should also be noted that achievement of the above reliability levels will depend 
on the checking standard used for drawings, calculations and specifications and for 
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Table 2.1 Recommended minimum values for the reliability index 6* 


Minimum values for 6 
Reliability class (RC) associated with CC2: RC2 ULS SLS (irreversible) 
1-year reference period 4.7 2.9 
50-year reference period 3.8 1:5 


* Based on Tables B2 and C2 in ECO. 


compliance with the RC2 class, the minimum standard will require checking by differ- 
ent persons to those originally responsible for the design and in accordance with the 
quality management system of the organisation (ECO, Annex B, Table B4). 


2.2.4 Design working life (ECO, 2.3) 


At the start of the design process the “design working life’ of the facility to be designed 
must be specified and is defined in ECO as the 


‘assumed period for which a structure or part of it is to be used for its in- 
tended purpose with anticipated maintenance but without major repair being 
necessary’. 


In ECO, Table 2.1, five categories of design working life are specified and the one 
most typically associated with facilities supported by timber structures designed in 
accordance with the requirements of EC5 will be Category 4. The indicative design 
working life of this category is 50 years. Where necessary or beneficial, it is acceptable 
to have a Category 4 design working life for the structure and incorporate structural 
elements with a shorter design working life provided these can readily be replaced 
without any adverse effect on the facility. 

It is to be noted that the design working life may or may not coincide with the 
reference period used to determine the design values for environmental factors, i.e. 
wind speed and temperature extremes etc. However, it provides a guide for selection. 

Provided the client implements a sound maintenance inspection policy and properly 
undertakes the maintenance requirements of the building and structure, the facility will 
remain fit for use for the design working life. When dealing with timber structures, 
it is of particular importance that the maintenance policy will also ensure that the 
environment within which the structure functions complies with the service class (see 
Section 2.2.20) for which it has been designed. 


2.2.5 Durability (ECO, 2.4) 


Durability is the ability of the structure and its elements to remain fit for use when 
properly maintained during the design working life and must include for the effects of 
deteriorating factors that can arise during this period. 

The particular factors highlighted in ECO, 2.4(2) that are relevant to timber structures 
are as follows: 
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e The intended or foreseeable use of the structure. For example, a factor to be 
included for in timber or wood product flooring will be an allowance for wear and 
tear during the design working life. 

¢ The required design criteria. The design intent has to be defined at the outset, 
identifying where elements of the structure will require to be replaced during 
the working life (if this is required) and ensuring that the design is such that 
replacement can be undertaken while also retaining a facility that will be fit for use. 

¢ The expected environmental conditions. This is particularly relevant to timber 
structures. The strength properties of timber and wood product structures are 
affected by changes in environmental conditions and it is essential that during 
the working life they function under the service class conditions for which they 
have been designed. 

¢ The composition, properties and performance of the materials and products. It is 
advisable to consider the use of materials that will enhance durability, and the use 
of preservative treatments for timber structures in appropriate conditions should be 
an option. Where preservative treatments are used and they are critical in achieving 
the durability requirement, the design must be such that re-application during the 
design working life can be carried out while ensuring the facility remains fit for use. 

¢ The choice of the structural system. Where possible a robust structural system 
should be used, able to safely withstand the known design hazards with, where 
economically possible, inbuilt redundancy in excess of the robustness criteria 
required by the code. 

e The quality of workmanship and the level of control. The fabrication and assem- 
bly must be fully in accordance with the specification requirements, otherwise 
problems can arise, reducing the durability of the elements of the structure, e.g. 
preparation and application of adhesives. 

¢ The intended maintenance during the design working life. A maintenance strategy 
should be prepared at the outset of the design process and the building designed 
such that the structure can be accessed to allow the strategy to be implemented 
during the design working life. 


2.2.6 Quality management (ECO, 2.5) 


A requirement of ECO is that a quality system be in place and one in accordance with the 
requirements of the International System Standard, ISO 9000 [9], will be acceptable. 
Unless such a system is operated, the design will not be accepted as compliant with 
the requirements of ECS. 


2.2.7 Principles of limit state design: General (ECO, 3.1) 


The concept of limit states design is that for defined states a structure may be classified 
as either satisfactory or unsatisfactory. The limit state being the state beyond which the 
structure will no longer satisfy the design criteria and will be classed as unsatisfactory. 

It is possible to establish limit states to define limits of satisfaction for numerous 
issues, and to simplify the design process ECO has defined two such states: 
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ultimate limit states — associated with forms of structural failure/collapse, 
serviceability limit — associated with normal service conditions, e.g. 
States deflection and vibration conditions. 


For the ULS one is dealing with extreme safety conditions and for the SLS it is the 
level of comfort and appearance that is being addressed and, as shown in Table 2.1, the 
level of reliability used in the design process will be different for each of the states. 


2.2.8 Design situations (ECO, 3.2) 


The structure must be designed for the effect of actions and environmental factors that 
will occur during the design working life and ECO defines four design situations that 
must be considered: 


Persistent design situations: conditions of normal use, i.e. self-weight and imposed 
loading, including wind, snow, etc. 

Transient design situations: refers to temporary conditions, e.g. during construction 
or repair. 

Accidental design situations: exceptional conditions, e.g. explosion or impact. 

Seismic: conditions arising from a seismic event. 


For normal structures there will be no requirement to design for seismic conditions in 
the United Kingdom and this design situation is not addressed in the book. With regard 
to the other design situations, i.e. persistent, transient and accidental, the designer must 
establish the loading conditions to which the structure can reasonably be expected to 
be subjected over the design working life. 


2.2.9 Ultimate limit states (ECO, 3.3) 


These are the limit states that concern the safety of people and/or of the structure. Also 
protection of the contents supported by the structure can be included for in these states 
provided this requirement is agreed with the designer. 

Specific attention is drawn to the following ULS that are relevant to timber structures 
and must be considered: 


e Loss of equilibrium of part or all of the structure 
e Failure by excessive deformation 

e Failure as a mechanism 

e Failure due to rupture 

e Failure due to loss of stability. 


2.2.10 Serviceability limit states (ECO, 3.4) 


These are the limit states that concern the functioning and appearance (excessive dis- 
placement and cracking/distress) of the structure as well as the comfort of the users. 
The SLS should be agreed at the outset of the project and a distinction made between 
those states that will be irreversible and those that will be reversible. 
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In the irreversible condition, the SLS will be permanently infringed even when the 
actions that cause the exceedance are removed. Such conditions are treated in the same 
manner as those for ULS, ie. at the first exceedance of the SLS the design will be 
non-compliant. 

In the reversible condition, when the actions causing the infringement are removed 
the exceedance is also removed. In such instances, an agreement can be established 
with the client on those situations that will fall into this category and the frequency of 
occurrence that will be acceptable. 

ECO has been structured to accommodate the following three types of SLS: 


(a) No exceedance will be permitted. 
(b) The frequency and duration of exceedance events will be agreed with the client. 
(c) Long-term exceedance events will be agreed with the client. 


The combinations of actions associated with these types of SLS are as follows: 


¢ No exceedance permitted — the characteristic combination is to be used. 

e Frequency and duration of exceedance events agreed — the frequent combination 
is to be used. 

e Long-term exceedance events agreed — the quasi-permanent combination is to be 
used. 


The action combinations referred to above are discussed in ECO, 4./.3 and 6.5 and in 
22,25. 

It is stated in ECS, 2.2.3(2), that calculations for instantaneous deformation should be 
based on the application of the characteristic combination of actions; however, as this 
is not a Principle in EC5, where an economic case can be substantiated and agreement 
reached with the client to accept a reversible condition, the design can be based on the 
frequent rather than the characteristic combination. 

The criteria used for the verification of the SLS should be associated with the 
following matters: 


(i) Deformations that affect appearance, that cause damage to finishes or non- 

structural members, that affect user comfort and the functioning of the structure. 

(ii) Vibrations that cause discomfort to users or limit the functionality of the 
structure. 

(iii) Damage that adversely affects appearance, durability or the functionality of the 
structure. 


2.2.11 Limit states design (ECO, 3.5) 


In limit states design, structural and load models are set up for each limit state and the 
design is verified by demonstrating that none of the states will be exceeded when design 
values of actions, material or product properties and geometry are used in the models. 

Although it is possible to use probabilistic methods of analysis for verification, 
the deterministic partial factor method referred to in Section 6 of ECO (see also 
2.2.17) is the practical design method recommended for use. 
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2.2.12 Classification of actions (ECO, 4.1.1) 


The following symbols and terminology apply when dealing with actions: 


(a) Permanent actions (G). These are the actions that remain monotonic and will 
vary by a negligible amount with time, e.g. self-weight, fixed equipment, fixed 
partitions, finishes and indirect actions caused by shrinkage and/or settlement. 

(b) Variable actions (Q). These are the actions that do not remain monotonic and 
may vary with time, e.g. imposed loading, wind, snow and thermal loading. 

(c) Accidental actions (A). For example, explosion or impact loading. 


2.2.13 Characteristic values of actions (ECO, 4.1.2) 


Actions are defined by ‘representative’ values and the main representative value used 
in design is the characteristic value. The characteristic value should, where possible, 
be derived from the statistical data associated with the action and, depending on the 
design condition, it will be a mean value, an upper or lower value or a nominal value 
(this being used when it cannot be derived from statistical data). 


Characteristic values 
Permanent actions (Gx) 
Where this relates to the self-weight of the material, because the variability of the 
action is small (i.e., the coefficient of variation of the action during the design 
working life is less than 0.05—0.1), when dealing with timber or wood-related 
products, Gx, is generally derived using the mean density of the material. 

Characteristic values for self-weight, G,., are obtained from the standards that 

give mechanical properties (e.g., BS EN 338:2003 [10] for timber) or from EC1. 
Variable actions (Q,) 
The characteristic values of the variable actions referred to in Eurocode EN 1991: 
‘Actions on structures’, are given in the relevant parts of that code. 

When dealing with climatic actions (e.g. wind, temperature etc.), ECO states 
that the characteristic value is based on the probability of 0.02 of its time-varying 
part being exceeded for a reference period of 1 year. The probability of exceedance 
(p) and the reference period (r) are linked by the approximate relationship T = 
ae (where T is the return period) and represents the likely time between two 
successive occurrences when the characteristic value will be exceeded. On this 
basis the return period will be 50 years, which equates to a probability of 0.64 that 
the characteristic value will be exceeded during this period. This criterion also 
applies to imposed loading on the floors of buildings. 

It should also be noted that where a building carries more than one floor, a 
reduction in loading is possible and guidance on this is given in EC1. 

Accidental actions (Aq) 
Because of the lack of statistical data relating to this condition, the design value, 
Ag, should be specified and agreed for each project. 
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2.2.14 


Other representative values of variable actions (ECO, 4.1.3) 


Other representative values of variable actions are specified in addition to the charac- 
teristic values, Ox, referred to in 2.2.13. These are as follows: 


The combination value (9 Q,): used for verification of ULS and for the character- 
istic combinations of irreversible SLS. 

The frequent value (v1 Q,): used for verification of ULS involving accidental actions 
and for the verification of reversible SLS. 

The quasi-permanent value (42 Q,): used for the assessment of long-term effects, 
for the representation of variable actions in accidental (and seismic) combina- 
tions at the ULS, and for the verification of frequent and long-term effects of 
SLS. 


The factors Wo, ww, and y2 are reduction factors. Factor wo takes into account the 
reduced probability of simultaneous occurrence of the most unfavourable values of 
several independent variable actions. Factor y, is a time-related function and sets an 
upper limit for the value of the variable action to which it applies. For buildings, it 
is set such that the proportion of time it is exceeded is 1% of the reference period. 
Factor y2 is also a time-related function and in timber engineering its primary role 
is to convert variable actions to equivalent permanent actions (referred to as quasi- 
permanent actions) in order to derive the creep loading on the structure. For floor 
loading on buildings, the value of y2 is set such that the proportion of time it is exceeded 
is 50% of the reference period and in the case of wind loading and temperature loading 
(as well as snow loading for sites at an altitude up to 1000 m above sea level) the value 
will be zero. 

Values for Wo, 1 and yw are given in Table NA.A1.1 of the UKNA to ECO and some 
of the values relevant to loading conditions associated with timber buildings are given 
in Table 2.2. 


Table 2.2 Values for w factors* 


Variable action Wo Wi Wo 
Category of imposed loads on buildings (see EC1) 
Category A: domestic and residential areas 0.7 0.5 0.3 
Category B: office areas 0.7 0.5 0.3 
Category C: areas where people congregate 0.7 0.7 0.6 
Category H: roofs (noting that imposed load should 0.7 0 0 


not be applied with snow load or wind action 
(see clause 3.3.2(/) in ECO) 


Snow loads on buildings 


for sites with an altitude no greater than 1000 m 0.5 0.2 0 
above sea level 
Wind loads on buildings 0.5 0.2 0 


* Based on Table NA.A1.1, UKNA to ECO [4]. 
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2.2.15 


2.2.16 


2.2.16.1 


2.2.16.1. 


2.2.16.1. 


Material and product properties (ECO, 4.2) 


As in the case of actions, the properties of materials or products are also represented 
by characteristic values. 

When dealing with timber or wood-related properties the characteristic value will be 
either the 5th-percentile value or the mean value. The 5th-percentile value will apply 
to strength-related properties and the mean value will normally be used for stiffness- 
related properties. The exception to this rule is when stiffness-related functions are 
used in the derivation of a strength property; for example when used for the evaluation 
of the critical bending strength of a timber beam, in which case the 5th-percentile value 
rather than the mean value is used. 

Characteristic values of the properties of timber and some of the commonly used 
wood-related products in timber design are given in Chapter 1. 


Structural analysis (ECO, 5.7) 


General 
ECO gives no specific guidance on the method(s) of structural analysis to be used in 
design other than to require that the structural models be appropriate for the limit state 
considered, be able to predict behaviour with an acceptable degree of accuracy, and be 
based on established engineering theory and practice. 
When analysing a structure, several alternative methods of analysis are possible and 
these are outlined in 2.2.16.1.1 and 2.2.16.1.2. 


1 Linear elastic analysis 
It is based on linear stress/strain and moment curvature laws: 


(a) First-order analysis without redistribution. This is performed on the initially 
defined geometry of the structure and its elements without any adjustment of 
internal forces/moments due to redistribution. It is the basis of most first-order 
linear elastic analysis computer programs (Figure 2. 1a). 

(b) First-order analysis with redistribution. This is performed on the initially de- 
fined geometry of the structure and its elements but internal forces/moments are 
adjusted without further calculation to also adjust rotations and check rotation 
capacity. 

(c) Second-order analysis. This is performed on the geometry of the deformed 
structure (Figure 2.1b). 


2 Non-linear analysis 
It is based on a non-linear stress—strain relationship as shown in Figure 2.2: 


(a) First-order analysis. This is performed on the initially defined geometry of the 
structure. 

(b) Second-order analysis. This is performed on the geometry of the deformed 
structure. 


The following descriptions are commonly associated with non-linear analyses incor- 
porating plastic behaviour: 
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Fig. 2.1. First- and second-order linear elastic analysis. 


¢ Elastic-perfectly plastic (Figure 2.2a) — linear elastic followed by pure plastic 
behaviour. 

e Elasto-plastic (Figure 2.2b) — linear elastic followed by plastic behaviour with 
strain hardening. 

¢ Rigid plastic (Figure 2.3) — pure plastic behaviour, using limit states analysis for 
the assessment of ultimate loading (e.g. for the behaviour of joints formed with 
metal dowel type fasteners in timber structures). 


2.2.16.2 Structural analysis requirements for timber and wood-based structures 
In regard to timber and wood-based structures, the structural analysis requirements are 
addressed in ECS, Section 5. 
Because of the brittle nature of timber under tension-induced stress configurations, 
plastic analysis should not be used and EC5 requires that the forces in the elements 


Stress Stress Stress 


\ 


” Strain * Strain ” Strain 


(a) Elastic-perfectly Plastic (b) Elasto-plastic with strain (c) Continuously varying 
hardening 


Fig. 2.2. Alternative stress—strain relationships commonly used in non-linear analysis. 
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2.2.17 


Stress 


Strain 
Rigid plastic 


Fig. 2.3. Rigid plastic behaviour. 


of the structure be determined using a linear elastic analysis. The effects of deviation 
from straightness of members have to be taken into account and this will be achieved 
by validation of the element strength using the design rules in EC5. Where, however, it 
is considered that a second-order linear analysis is necessary when dealing with plane 
frames or arches, this should be carried out in accordance with the requirements of 
ECS, 5.4.4. 

Although all timber connections will exhibit semi-rigid behaviour to varying degrees, 
where their rotational deformation will have a negligible effect on the force distribution 
in the structure, ECS states that the connections may be considered to be rigid and, 
where this is not the case, they may generally be assumed to be rotationally pinned 
(ECS, 5.4.2(7)). As this is not a Principle in ECS, where it is felt that the effect of semi- 
rigid behaviour of connections should be taken into account in the analysis, provided it 
can be considered to be effectively linear and have adequate ductility, by incorporating 
the stiffness behaviour of the connections into the structural model a linear elastic 
analysis of the semi-rigid structure can still be undertaken. 

When designing joints formed with metal dowel type fasteners the strength equations 
in ECS assume that failure at the joint will be in accordance with the principles of plastic 
theory, as shown in Figure 2.3. In such situations, the joint forces will be derived from an 
elastic analysis of the structure at the ULS and the associated joint strengths determined 
from the application of the relevant ECS strength equations, which are derived primarily 
from the assumption that rigid plastic behaviour will apply. This is one of the apparent 
anomalies between modelling to determine the action effect (i.e. the global analysis 
model) and modelling for strength verification where a different model can be assumed. 


Verification by the partial factor method: general (ECO, 6.7) 


For normal designs, the partial factor design method should be used for the design 
of the structure and its elements. In this method, the effects of actions are multiplied 
by partial factors to obtain the design value, Efa, and resistances, which are generally 
derived from material strengths, are divided by partial factors to obtain the design 
resistance, Rg, at the ULS and SLS. Verification is undertaken at the relevant state to 
demonstrate that Efg is less than or equal to the design resistance Rg, 1.e. 


E fous = Rais and E fas. = Ras. 
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2.2.18 


2.2.19 


The values used for actions and material properties are the characteristic or other 
representative values and the values used for the partial factors vary depending on the 
limit state being considered and must be such that the level of reliability referred to in 
2.2.3 for the structure at that limit state will be achieved. 


Design values of actions (ECO, 6.3.1) 
In general terms, the design value Fy of an action can be written as 

Fa = YiF rep (2.1) 
where 

Frp = WF (2.2) 


In the above, Fyep is the value to be taken into account in the relevant combination 
of actions. It can be the main representative value (i.e. the characteristic value, Fy), 
the combination value, wo Fx, the frequent value, w, Fx, or the quasi-permanent value, 
WF; Fy is the characteristic value of the action; y is either 1.00 or Wo, 1 or Wo. 


Design values of the effects of actions (ECO, 6.3.2) 


The ‘effects’ of actions, Efg, are the response of the structure to the imposed actions 
and cover the internal stress resultants (e.g. moments, shear forces, axial forces, stress 
or strain) and the structural deformations (e.g. deflections and rotations). 

Based on the content of ECO, 6.3.2(/) the design value of the effects of actions can 
be written in general terms as 


Efa = ysaEf {ei Frepisaat = t= 1 (2.3) 


where yq is a partial factor taking account of uncertainties in modelling the effects 
of actions, y¢; is a partial factor for action i that takes account of the possibility of 
unfavourable deviations of the action values from the representative values, ag is the 
design value of the geometrical data (discussed in 2.2.22), and i is the number of 
representative actions. 

For the design of timber and wood product structures in accordance with ECS, partial 
factors yp and ysq are combined into one factor yf (i.e. yp = Vy Ysa) simplifying 
equation (2.3) to 


Efa = Ef {vei Frep,i3 4a} i> 1 (2.4) 


In the Eurocodes, when determining the design value of a permanent action, yf is 
defined as yg and when determining the design value of a variable action, it is defined 
as Yo- 

The values of yg and yg are dependent on the limit states being considered and this 
is addressed in 2.2.24 for ULS and 2.2.25 for SLS. 
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2.2.20 Design values of material or product properties (ECO, 6.3.3) 


2.2.20.1 


The design value Xq of a material or product property can be derived for the ULS and 
the SLS and reference to this value in timber design will invariably mean to the value 
used at the ULS. It is obtained from 


x 
Xq= n— (ECO, equation (6.3)) (2.5) 


m 


where Xx is the characteristic value of the property, 7 is the mean value of a conversion 
factor that takes into account volume and scale effects, the effects of moisture and 
temperature and any other relevant parameters, and yp is a partial factor that takes into 
account the possibility of the characteristic value of a material or product property (e.g. 
strength or stiffness) being less than the specified value and also the effect of scatter 
around the mean value of the conversion factor. 

In ECS, n covers the effects of duration of load and variation in moisture content on 
the properties of timber and wood products and is referred to as the modification factor, 
kmoa- Factors covering scale and volume effects are considered separately in EC5 and 
are discussed in 2.3.6. 

The modification factor is extremely important in timber design and a brief overview 
of how load duration and moisture content effects are taken into account is given in the 
following sub-sections. 


Load duration classes 
When subjected to loading, the strength properties of members reduce and the longer 
the duration of the load the greater the reduction will be. In order to establish a common 
basis for design, load duration classes (see EC5, 2.3.1.2) have been defined to cover 
the range of durations likely to arise in practice and the duration associated with each 
class is given in Table 2.3, based on the content of NA.2./ in the UKNA to ECS. 


Table 2.3 Load-duration class definitions* 


Examples given in NA.2.1] of the UKNA to 


Class Period of time ECS 

Permanent >10 years Self-weight 

Long term 6 months to 10 years = Storage loading (including in lofts) 
Water tanks 

Medium term 1 week to 6 months Imposed floor loading 

Short term <1 week Snow 


Maintenance or man loading on roofs 

Residual structure after an accidental event 
Instantaneous Instantaneous Wind 

Impact loading 

Explosion 


* Based on the content of NA.2./ in the UKNA to ECS. 
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2.2.20.2 


Factor to be 
applied to the 
compressive 
strength parallel 
to the grain 


=0.27 


> 50% 


(Fibre saturation point) 


Moisture content (%) 


Fig. 2.4. The effect of moisture content on the compressive strength of Douglas fir when 
loaded parallel to the grain. 


The load duration class for self-weight is classed as ‘permanent’, and ‘variable’ 
actions come into one of the remaining classes defined in the table, and is determined 
by duration. 


Service classes 

Because the strength (and creep behaviour) of timber and wood-related products is 
affected by the moisture content of the material, these properties are dependent on 
the temperature and relative humidity conditions the materials are subjected to over 
the design life of the structure. A typical relationship between strength adjustment 
and moisture content derived from tests is shown for Douglas fir in Figure 2.4. When 
the moisture content is low, the strength property will be at its maximum and as the 
moisture content increases the strength is reduced and will reach a minimum value at 
the fibre saturation point. 

To take this effect into account in design, three service classes have been defined in 
ECS, 2.3.1.3, covering the typical environmental conditions that timber structures will 
function under. These are as follows: 


Service class I — where the average moisture content in most softwoods will not 
exceed 12%. 
This corresponds to a temperature of 20°C and a relative humidity of the 
surrounding air only exceeding 65% for a few weeks per year. 

Service class 2 — where the average moisture content in most softwoods will not 
exceed 20%. 
This corresponds to a temperature of 20°C and a relative humidity of the 
surrounding air only exceeding 85% for a few weeks per year. 

Service class 3 — where the average moisture content in most softwoods exceeds 


20%. 


66 Structural Timber Design to Eurocode 5 


Table 2.4 Values of k7 4 


Load-duration class of action 
Service Long Medium Short 
Material — standard class Permanent term term term Instantaneous 
Solid timber — EN 14081-1 [11] 1 0.60 0.70 0.80 0.90 1.10 
Glued-laminated timber — EN 2 0.60 0.70 0.80 0.90 1.10 
14080 [12] 
Laminated veneered lumber 3 0.50 0.55 0.65 0.70 0.90 
(LVL) — BS EN 14374 [13] or 
EN 14279 [14] 
Plywood — BS EN 636 
Parts: 1 [15], 2 [16] and3 [17] 1 0.60 0.70 0.80 0.90 1.10 
Parts: 2 [16] and 3 [17] 2. 0.60 0.70 0.80 0.90 1.10 
Part: 3 [17] 3 0.50 0.55 0.65 0.70 0.90 
OSB — BS EN 300 [18], Board 
type: 
OSB/2 1 0.30 0.45 0.65 0.85 1.10 
OSB/3 and/4 1 0.40 0.50 0.70 0.90 1.10 
OSB/3 and/4 2 0.30 0.40 0.55 0.70 0.90 


* Based on values given in Table 3.1 of ECS. 


This corresponds to climatic conditions leading to higher moisture contents than service 
class 2. 


The highest values of timber strength will be obtained when structures function 
in service class 1 conditions and the lowest when they function in service class 3 
conditions. The level of service class to be used in the United Kingdom for the type of 
element to be constructed is given in NA.2.2 in the UKNA to ECS. 

Values for kmoq based on the load duration referred to in 2.2.20.1 and the above 
service classes are given in ECS, Table 3.1, and those for use with timber and some 
wood-related products are summarised in Table 2.4. 

With timber, glued-laminated timber and laminated veneer lumber (LVL), certain 
characteristic strengths are affected by member size and where the appropriate size is 
less than the reference size given in ECS, the relevant characteristic strength can be 
increased by multiplying by a factor ky or ke. These factors are referred to in Table 2.5 
and discussed in 2.3.6. 

In ECS the partial factor for material y,, is enhanced to yy, taking into account 
uncertainty in the resistance model used for design together with the adverse effects of 
geometric deviations in addition to the effect of unfavourable deviation of material or 
product property. The value of 74 for the ULS combinations of actions for persistent or 
transient design situations (referred to in ECO, 6.4.3.2 as the fundamental combinations) 
as well as any accidental combination is given in Table NA.3 in the UKNA to ECS. A 
summary of the values to be used to derive the design value at the ULS, including for 
accidental combinations, is given in Table 2.6. 
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Table 2.5 Factors used in ECS to take account of the effect of member size on strength properties 


Characteristic 
Size factor property 
symbol Function of factor affected Relevant item in ECS 
kn Adjusts the characteristic bending fim,k Solid timber, 3.2(3); 
strength and/or the characteristic tensile glued-laminated 
strength parallel to the grain to take into timber, 3.3(3); LVL, 
account the effect of a member size 3.4(3) 
when the size is less than the reference 
size given in EC5 
Sok Solid timber, 3.2(3); 
glued-laminated tim- 
ber, 3.3(3) 
ke Adjusts the characteristic tensile Siok LVL, 3.4(4) 
strength parallel to the grain of LVL to 
take into account the effect of member 
length when the length is less than the 
reference length given in ECS 


No guidance is given in ECO as to how the design value of a stiffness related property 
shall be derived and the values to be used in deformation and strength related analyses 
are given in ECS. With timber and wood-related products the value is dependent on 
the design state being considered; i.e. whether it is a deflection analysis at the SLS or 
a stress analysis at the ULS, whether or not the distribution of internal forces in the 
structure (or a member) is affected by the stiffness distribution, and also whether a 
first- or second-order linear analysis is to be undertaken. 


Table 2.6 Partial factors for material properties and resistances, ym* 


States/combinations YM 
Ultimate limit states (fundamental combinations) 
Solid timber — untreated or treated with a preservative 1.3 
Glued-laminated timber 1.25 
LVL, plywood and OSB 1.2 
Particleboard 1.3 
Fibreboards — hard, medium, MDF, soft 1.3 
Punched metal plate fasteners 
Anchorage strength 1.3 
Plate (steel) strength 1.15 
Connections — excluding punched metal plate fasteners 1.3 
Ultimate limit states — accidental combinations 
Any material and connection 1.0 
Serviceability limit states — all combinations 
Any material and connection 1.0 


* Incorporating the requirements of NA.2.3 of the UKNA to EC5 and ECO. 
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2.2.21 


2.2.22 


In ECS, 2.4.1(2)P, it is stated that the design member stiffness property, Eq or Ga, 
is obtained from the respective mean property value as follows: 


Emean 
E, = Emen (2.6) 
YM 
Gimean 
Gq = —— (2.7) 
YM 


where Emean 18 the mean value of the modulus of elasticity of the timber or wood 
product, and Gimean is the mean value of the shear modulus of the timber or wood 
product. 

However, equations (2.6) and (2.7) will only apply when undertaking a first-order 
linear elastic analysis at the instantaneous loading condition (i.e. when the load is 
immediately applied) at the SLS, at which state 74 = 1, or when undertaking a second- 
order linear elastic analysis at the ULS, for which condition yy will be obtained from 
Table 2.6. The value of the member stiffness property to be used for other conditions 
will be different and the values to be used for the alternative situations that will arise 
in timber design are discussed in 2.3.4. 

When dealing with connections, at the instantaneous loading condition the design 
stiffness at the SLS is obtained using the slip modulus, Ker, given in EC5, Table 7.1, 
for the type of fastener being used and at the ULS the design stiffness is Ky, which, 
as stated in ECS, 2.2.2(2), is equal to 2 Ker. As above, the value of connection stiff- 
ness at other conditions will be different and the requirements are also discussed in 
2.3.4. 

At the failure condition, the design value of the modulus of elasticity and the shear 
modulus used in strength calculations are the characteristic values Eo,o5 and Go,o5 
respectively. 


Factors applied to a design strength at the ULS 


Having derived the design value of a property, Xq, in accordance with the requirements 
outlined in 2.2.20, further adjustment may be necessary to take account of other factors 
that can affect the property, e.g. the effect of instability, system strength, etc. This is 
taken into account by the application of modification factors and a summary of the 
factors referred to in ECS that are most likely to arise in design, the function they fulfil, 
and the property or strength ratio to which they will apply are given in Table 2.7. 


Design values of geometrical data (ECO, 6.3.4) 


The design values of geometrical data are the sizes used in the design of the structure 
and its elements, including, where relevant, the maximum deviation from straightness 
allowed in Section 10 of ECS. The design value is defined as 


aad = Gnom (2.8) 


where ag is the nominal reference dimension, and d,om is the dimension used in the 
design drawings and documentation. 
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Table 2.7 


Commonly used modification factors in ECS that affect design values 


Factor 
symbol 


Property or stress Relevant item(s) 


Function of factor ratio affected 


in ECS 


km 


kyot 


kais 


Kerit 


key, Kez 


ke90 


Ksys 


ses 2 oh O, 
Allows for stress redistribution when a —™4 


section is subjected to bending about md 
both the y—y and z—z axes and is 

stressed beyond the elastic limit. It 

also accounts for variation in material 

strength across the member section. 

Adjusts the design tensile strength Si90,4 
perpendicular to the grain for 

glued-laminated timber and LVL 

when the stressed volume in the apex 

zone of double tapered, curved or 

pitched cambered beams exceeds the 

reference volume stated in ECS. 

Adjusts the design tensile stress Si90,4 
strength perpendicular to the grain for 
glued-laminated timber and LVL in 

the apex zone of double tapered, 

curved or pitched cambered beams. 

Takes account of the effect of lateral = finy,a 
torsional instability, reducing the 

design bending strength of a member 

bent about the strong y—y axis when 

the associated relative slenderness 

ratio for bending is > 0.75. 

Takes account of the effect of axial te.0.4 
instability, reducing the design 

compression strength of a member 

when subjected to axial compression 

and the relative slenderness ratio about 

the y—y (for key) and/or z—z (for kez) 

axis is > 0.3. 

Increases the compressive strength of —fo,90,4 
the timber or wood-based structural 

product perpendicular to the grain by 

accepting an increase in strain at the 

failure condition. 

Takes account of the effect ofanotch fv.a 

on the shear strength of a member. 

Increases member strength properties All of the 
when several similar members, member strength 
assemblies or components are equally properties that 
spaced and connected by a continuous _ benefit from the 
load distribution system that is capable load sharing 
of transferring load between the system 
member and those adjacent. 


6.1.6(2) 


3.3(5), 3.4(7), 
6.4.3(6), 6.4.3(7) 


6.4.3(6), 6.4.3(7) 


6.3.3(3) 


6.3.2 


6.1.5 


6.5.2 
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2.2.23 


2.2.24 


For timber and wood-related products the design values may be taken to be the 
nominal values from product standards or drawings. 

Where relevant, the design equations in ECS include for the effect of the occurrence 
of the maximum permitted deviations specified in EC5, Section 10. 


Design resistance (ECO, 6.3.5) 


When dealing with timber and wood-related product structures, in line with the re- 
quirements of ECO, the design value of a resistance is expressed in ECS, 2.4.3 
as 
Ry 
Ra = moa — (2.9) 
YM 
where Kmoa iS a modification factor that takes into account the effect of load duration 
and moisture content (see 2.2.20), yy is the partial factor for a material property at the 
ULS (see 2.2.20), and Rx is the characteristic value of the load-carrying capacity at the 
ULS. 

In general, however, the resistance properties are defined in EC5 as F functions and 
the more representative expression for the design resistance for a timber or wood-related 
product is 

Fr 


Fra = K mod — (2.10) 
YM 


Ultimate limit states (ECO, 6.4.1-6.4.5) 


Where they are relevant, the following ULS must be verified: 


(a) Equilibrium (EQU). To confirm that the structure or any part of it is not unstable. 

(b) Strength (STR). To confirm that the structure and its elements will not fail under 
stress, by element instability or at connections. Where displacements will affect 
the behaviour of the structure, their effect must be taken into account. 

(c) Geotechnical (GEO). To confirm that the foundations of the facility provide the 
strength and stiffness required by the structure. 

(d) Fatigue (FAT). To confirm that the elements of the structure will not fail under 
fatigue. 


For timber or wood product structures, ULS (a), (b) and (c) will generally be relevant 
and any condition where fatigue could apply is taken into account in EC5 by the 
Strength (STR) requirements. 

Load combinations are applied at each relevant ULS and by the application of the 
partial factor method (see 2.2.17) it must be verified that the design value of the effect of 
the design actions is less than or equal to the design value of the equivalent resistance. 
For example, considering the strength verification of the structure and its elements at 
the STR ULS, the requirement will be 


Efa < Fra (2.11) 
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and for a material property, 
Efa < (k)Xa (2.12) 


where Efg is the design value of the effect of actions (e.g. internal moment, inter- 
nal stress, etc.) (see 2.2.20), Fra is the design value of the corresponding resistance 
(see 2.2.23), Xq is the design value of the timber or wood product material property 
(see 2.2.20), and ITk is the product of those modification factors that will affect the 
design value. (The principal modification factors in EC5 are summarised in Table 2.7 
and discussed in the appropriate chapters in the book.) 

For each relevant limit state the design value of the effect of actions must be derived. 
To achieve this, those actions that are considered to be able to occur simultaneously 
are combined, and, where more than one variable action exists, each combination will 
include one of the variable actions in turn as the leading variable action. 

To derive the combination of actions for persistent or transient design situations 
(referred to in ECO as the fundamental combinations) and ignoring pre-stressing actions 
as they are not generally relevant to timber design, the combination to be satisfied is 
given in equation (6.10) in ECO as follows: 


Y- vejGx.j + ¥0.10k.1 + >> YoiWoiQki (ECO, equation (6.10)) (2.13) 


jel i>l 


The less favourable of the following combination expressions may be considered as an 
alternative to equation (2.13) for STR (and GEO) limit states, 


Y> ¥6.5Gx,j7 + Yor V0.1 Ok. + >> YoiWo,iQk,i (ECO, equation (6.10a)) (2.14) 


j=l i> 


> §j¥G,jGx,j + Yo.1Qk.1 + , ¥oiW0iQk,i (ECO, equation (6.10b)) (2.15) 


j2i i>] 


where y< is the partial factor for permanent loading, yg is the partial factor for variable 
loading, wo is the factor that converts a variable action into its combination value, € 
is a reduction factor for unfavourable permanent actions, G, is the permanent action, 
Q,.1 is the leading variable action, and Q, is an accompanying variable action. 

With accidental design situations, one combination of actions applies to all limit 
states and is given in equation (6.11b) in ECO, 


S> Gx j + Aa + (Wi1 oF 2,1) Ox,1 + Y > W2,iQx,i (ECO, equation (6.11b)) (2.16) 


j=l i> 


where Aq is the design value for a specific accidental event (e.g. the action due to an 
impact or the indirect thermal action due to a fire) or relates to the situation after an 
accidental event, in which case Ag = 0; Wy and yz convert the variable action into the 
frequent and quasi-permanent value, respectively, and are referred to in 2.2.14. 
Numerical values of the y and & factors to be used to derive the design values 
of actions for the EQU and STR (not involving geotechnical actions) states when 
subjected to persistent and transient design situations are given in Table 2.8, and 
the values applicable to all ULS when subjected to accidental design situations are given 
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Table 2.9 Design values of actions for accidental combinations* 


Ultimate limit 

states (under Accompanying 

an accidental Relevant Permanent actions Leading variable actions 
combination equation variable 

of actions) in ECO Unfavourable' Favourable’ action Main Others 
Any ultimate (6.1la/b) 1.0Gx, j,sup 1.0Gx, ;,ing Aa 1.011 Ox 1.02; Oxi 
limit state 


* Based on Table NA.A1.3 of the UKNA to ECO. 
} For timber structures, where the variability of Gx is small, Gx, j,sup and Gx, ;,int Shall be replaced by a single value, 
Gx, ;, based on the mean value of density. 


in Table 2.9. Based on the content of Table NA.AJ./ in the UKNA to ECO, values for 
the w factors are summarised in Table 2.2. 

For the STR limit state, when subjected to combinations of actions under persistent 
and transient design situations, as stated previously and shown in Table 2.8, alternative 
combinations of actions can be used. From calibration work undertaken by Gulvanes- 
sian and Holicky [19], the use of equation (6.10) in ECS will result in the highest 
reliability index, and closely approximates that achieved by design in accordance with 
current BS requirements, generally well exceeding the minimum reliability index given 
in Table 2.1. The alternative use of the less favourable of equations (6.10a) and (6.10b) 
will, on the other hand, achieve a more uniform reliability that is better aligned with 
the minimum level set in the code, and is likely to be more economical, but will be 
below the reliability index achieved by design in accordance with BSI codes. Unless 
otherwise stated, equation (6.10) has been used in the examples given in the book to 
determine the design values of actions at the ULS. 

To determine the load case producing the greatest design effect (i.e. the maximum 
bending moment, shear force, etc.), the load combination equation(s) must be applied in 
turn with each variable action acting as the leading variable. Also, where the variable 
loads are not related, all possible combinations must be considered. For example, 
consider the STR limit state for a simply supported beam loaded by its own weight, 
G,,1, a permanent load, Gx.2, a medium-term duration variable load, Q, 1, and an 
unrelated short-term variable load, Q,,2. Adopting equation (6.10), the alternative 
loading conditions that have to be considered to determine an effect, Ef, e.g. a bending 
moment, are 


1.35(Gu + Gy) > Efi (2.17) 
1.35(Gii + G2) + 150K > Ef (2.18) 
1.35(Gui + Gao) + 1.500 > Efs (2.19) 
1.35(Gx1 + Gx2) + 1-5Qk1 + 150,200 > Efe (2.20) 
1.35(Gxi + Ga) +1500 + 1.5010 > Efs (2.21) 


Where a load combination consists of actions belonging to different load duration 
classes, the effect of load duration on the property of the timber or wood product has 
to be taken into account by the use of the kmoq modification factor discussed in 2.2.20. 


74 Structural Timber Design to Eurocode 5 


2.2.25 


2.2.25.1 


The effects of combinations of permanent and variable actions have a less degrading 
effect on strength properties than permanent action alone, and where a combination of 
permanent and several variable actions is applied, the design condition will be dictated 
by the variable action having the shortest duration. On this basis, and as required by 
ECS, 3.1.3(2), the modification factor corresponding to the action having the shortest 
duration used in the combined load case is applied to the strength property being 
considered. Where there is a linear relationship between actions and effects, the design 
condition will be that having the largest value after division by the associated kmoa 
factor. For the example given in equations (2.17)-(2.21), taking kmod,perm> Kmod,mea and 
Kmod,short 2S the modification factor for the permanent, medium-term and short-term 
actions, respectively, and with a linear relationship between action and corresponding 
stress, the design value Ef, of effect Ef will be the largest value given in equation (2.22): 


Ef, / Kmod,perm 
Ef,/ Kmod,med 
Efa = max E’ f3/Kmod,short (2.22) 
Efa/ Kmod, short 
Efs / Kmod,short 


It should be noted that when a favourable value of the variable action is to be applied 
(i.e. yg = 0), this means that the variable action is not being applied in that particular 
load case and the kmoq to be used will be the one associated with the shortest duration 
of the variable actions that are being applied. 


Serviceability limit states: General (ECO, 6.5) 
For timber structures the following SLS shall be verified: 


e Vibration 
¢ Deformation 


At these states it has to be demonstrated that 
Efa< Ca (ECO, equation (6.13)) (2.23) 


where Ef, is the design value of the effect of actions at the SLS and Cg is the lim- 
iting design value of the relevant serviceability criterion (i.e. vibration or deflection 
criterion), given in EC5 and the UKNA to ECS. 

At the SLS the partial factors yg and yg used to derive the design value of the effects 
of actions are set equal to 1 and the particular loading conditions used for these states 
are summarised below. 


Vibration 
Vibration criteria in EC5 are limited to the vibration behaviour of residential floors, 
and the design loading conditions producing the design value at the SLS are as follows: 


(a) The mass of the floor — to be used to determine the lowest natural frequency of 
the floor structure. 
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(b) The application of a 1 KN vertical force at the point on the floor that will result 
in the maximum vertical deflection — to be used to determine the maximum 
instantaneous vertical deflection due to foot force effect. 

(c) The application ofa 1 Ns impulse at the point of maximum instantaneous vertical 
deflection referred to in item (b) — to be used to determine the maximum initial 
value of the vertical floor vibration velocity due to heel impact effect. 


2.2.25.2 Deflection 
The combinations of actions associated with the deflection states at the SLS that will 
result in the design value of the displacement are given in ECO under the following 
headings: 


¢ Characteristic combination 
e Frequent combination 
¢ Quasi-permanent combination. 


Using the symbols defined in 2.2.24, these combinations are determined as follows: 


(a) Characteristic combination 


So Gj + Qx1 + > Wo Qe. (ECO, equation (6.14b)) (2.24) 


jel i>] 


This combination is normally used for irreversible limit states (i.e. states where 
the SLS will be permanently infringed even when the actions that caused the 
exceedance are removed) and is the combination used in ECS, 2.2.3. It will be 
noted that equation (2.24) equates to equation (2.13) when the partial factors 
(Yq and yg) in equation (2.13) are set equal to unity. 

Frequent combination 


YG jp t+ Wi Qki+ D> W2iQxi (ECO, equation (6.15b)) (2.25) 


j=l i> 


(b 


mM 


This combination is normally used for reversible limit states (i.e. where an 
infringement of a state disappears when the action causing the exceedance is 
removed). Although this option is not referred to in EC5, provided an agreement 
can be established with the client on those situations that will fall into this 
category together with a frequency of occurrence that will be acceptable, the 
combination can be used. 

(c) Quasi-permanent combination 


So Gai to Wri Qx.i (ECO, equation (6.16b)) (2.26) 
jzi i>l 


This is the combination that is used for the assessment of long-term (creep) 
effects. 


To determine the design value, the characteristic combination is applied with each 
variable action acting as the leading variable, from which the maximum loading con- 
dition will be obtained. If a reversible limit state condition has been accepted for the 
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deformation criteria, the frequent rather than the characteristic combination will be 
used. 

The design displacement, Efg, arising from the application of the design load case 
will be an instantaneous deformation, i.e. the displacement that will immediately arise 
due to elastic deformation of the structure as well as any deformation arising from joint 
movements in the structure. 

Assuming all of the members, components and connections have the same creep 
behaviour, and on the assumption that there is a linear relation between actions and 
their associated displacements, to obtain the displacement caused solely by creep the 
quasi-permanent load combination is used. 

The final deformation is obtained by combining the instantaneous and the creep 
displacement. 

Where the structure comprises members with different time-dependent properties, 
the final deformation requirements are discussed in 2.3.2(b). 


2.3 EUROCODE 5: DESIGN OF TIMBER STRUCTURES - PART 1-1: GENERAL - 
COMMON RULES AND RULES FOR BUILDINGS (ECS) 


In this section, those matters relating to the content of EC5 that have not been addressed 
in 2.2 and are considered to require an explanation or some further clarification, are 
discussed. 


2.3.1 General matters 


In the Eurocodes, the procedure for displaying a decimal point is to use a comma, e.g. 
4,5, in accordance with the requirements of the ISO. The United Kingdom, however, 
uses a full stop for the decimal point, i.e. 4.5, and the UK practice has been used in the 
book. 


The traditional practice in the United Kingdom is to show the z—z axis as the longi- 
tudinal axis of a member and the x—x and y—y axes to denote the respective major and 
minor axes of its cross-section. In the Eurocode suite the longitudinal axis is referred 
to as the x—x axis and the y—y and z—z axes are the respective major and minor axes 
of the cross-section. The Eurocode convention, which is shown in Figure 2.5, is used 
in the book. 


Symbol denoting that the 
grain direction is parallel to 
the x-x axis 


Fig. 2.5. Member axes. 
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Fig. 2.6. Deformation. 


Where it is relevant to show the direction of the grain of the timber it is defined by 
the symbol used in Figure 2.5. 


2.3.2 Serviceability limit states (ECS, 2.2.3) 


In EC5 the deformation of a member or structure is required at two stages: 


(i) When the loading is immediately applied; this is called the instantaneous defor- 
mation: Ujnst. 

(ii) After all time-dependent displacement (i.e. creep deformation, Ucreep) has taken 
place; this is called the final deformation: ugn. 


These deformations are shown diagrammatically in Figure 2.6 in relation to a simply 
supported beam without any pre-camber. 

Deformation is calculated in two different ways, depending on the creep behaviour 
of the structure: 


(a) Structures comprising members, components and connections having the same 
creep behaviour 
Creep behaviour in timber and wood-related products is a function of several fac- 
tors, and to simplify the design process the assumption is made in ECS that when 
subjected to a permanent load over the lifetime of a building, the instantaneous 
deflection (ujns,) and the creep deflection (Ucreep) are related as follows, 


Ucreap = Kaeplt inst (2.27) 


where kyep is a deformation factor whose value is dependent on the type of 
material being stressed as well as its moisture content. Values for the factor have 
been derived for timber and wood-based materials at defined environmental 
conditions when subjected to constant loading at the SLS over the design life, 
and are given in ECS, Table 3.2. The environmental conditions are referred to 
as service class 1, 2 or 3 (discussed in 2.2.20) and values for kge for timber and 
some wood-related products at these conditions are given in Table 2.10. 

For structures or members complying with the above conditions the final 
deformation, ug,, can then be written as 


Ufin = Uinst + Ucreep = Uinst(1 Si Kaet) (2.28) 
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Table 2.10 Values of ker at service class 1, 2 or 3* 


Value of Kger 

Material — standard Serviceclass1 Service class2 Service class 3 
Solid timber 

EN 14081-1 [11] 0.60 0.80 2.00 
Glued-laminated timber 

EN 14080 [12] 0.60 0.80 2.00 
LVL 

EN 14374 [13], EN 14279 [14] 0.60 0.80 2.00 
Plywood 

EN 636-1 [15] 0.80 - - 

EN 636-2 [16] 0.80 1.00 - 

EN 636-3 [17] 0.80 1.00 2.50 
OSB [18] 

EN 300 — type OSB/2 2.25 - - 

EN 300 — types OSB/3, OSB/4 1.50 2.25 - 


* Based on data given in Table 3.2, ECS. 


Where an action is not permanent, to obtain the creep effect it must be converted 
to an equivalent permanent action and this is done by using the quasi-permanent 
value of the action, referred to in 2.2.25.2(c). 

ECS uses the characteristic combination of actions to derive the instantaneous 
deformation and the quasi-permanent load combination to derive the creep de- 
formation. In 3.4(2)P of ECO, which is a Principle, a distinction is made between 
reversible and irreversible SLS and where it is acceptable to the client to adopt 
a reversible SLS condition, to obtain an economical design the frequent com- 
bination given in equation (2.25) should be used rather than the characteristic 
combination to derive the displacement. 

Assuming irreversible SLS conditions will apply, the final deformation under 
permanent and variable loading will be as follows: 

(i) For permanent actions, G, on a member or connection: 


Ufin,G = Uinst,G oe Ucreep,G = Uinst,G 1 ote Ket) (ECS, equation (2.3)) (2.29) 
(ii) For the leading variable action, Q;, on the member or connection: 


Ufin,O,1 = Uinst,Q,1 + Ucreep,Q,1 = Uinst,9,1(1 oe Wokaet) 
(ECS, equation (2.4)) (2.30) 


(iii) For the accompanying variable action(s), Q;, on member i or connection i: 


Ufn,O,i = Uinst,Q,i + Ucreep,Q,i = Uinst,o,i W0,i ah W,ikaer) 
(ECS, equation (2.5)) (2.31) 


(iv) The final condition for n variable actions will be 


n 
Ufin = Ufin,g + Ufin,g,1 + y Ufin, Q,i 
i=2 


(based on EC5, equation (2.2)) (2.32) 
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The y values are obtained from Table NA.A1.1 in the UKNA to ECO (reproduced 
in part in Table 2.2) and where there is only one variable action, equation (2.31) 
is not relevant. 

(b) Structures comprising members, components and connections having different 
creep behaviour 
In these situations, the creep behaviour will affect the stiffness and stress dis- 
tribution and the linear relationship between the instantaneous and the creep 
deflection referred to in 2.3.2(a) will not apply. 

The instantaneous deformation is calculated as in 2.3.2(a) but the creep de- 
formation is derived using only the instantaneous loading condition (i.e. the 
quasi-permanent load combination is not used) and reduced stiffness properties 
for the elements of the structure. The reduced stiffness properties are given in 
2.3.4.1(c). 

For structures or members complying with the above conditions, the final 
deformation, un, Will be obtained from 


Ufin = U(inst+creep) 


where U(inst+creep) 18 the deformation derived from a linear elastic analysis of 
the structure subjected to the instantaneous loading condition and based on the 
reduced stiffness properties. 


For both situations, i.e. 2.3.2(a) and 2.3.2(b), when timber is being used and installed 
at or near its fibre saturation point, but is to function in an environment where it is likely 
to dry out under load, as required by ECS, 3.2(4), the value of kgep given in ECS, Table 
3.2 (reproduced in part in Table 2.3), used in the analysis must be increased by 1.0. 

Further, as required by ECS, 2.3.2.2, when dealing with a connection, if it is consti- 
tuted of timber elements with the same creep behaviour, the value of kge¢ used in the 
analysis is to be taken as double the value given in Table 2.10, and if the connection 
comprises two wood-based elements with different creep behaviour, Kgeg,; and K¢er2, 
the value to be used will be Kaep = 2,/ Keer, 1Kaer,2- 

The application of the factor 2 to derive kge¢ values for connections may be inappro- 
priate for certain conditions and sizes of fixing; however, as no guidance is given in 
the UKNA to EC5 on this matter, the code requirements should be complied with. 


2.3.3 Load duration and moisture influences on strength (ECS, 2.3.2.1) 


The adjustment of strength and resistance properties due to the effect of load duration 
and moisture content is taken into account in the design process by the modification 
factor, kmoa. The factor is obtained from Table 3.1 in EC5, which has been reproduced 
in part in Table 2.4, and is discussed in 2.2.20. 

When the strength of a connection is being considered and it comprises two timber 
elements, each having a different time-dependent behaviour, kmoa,1 and kmod,2 (€.g. as 
shown in Figure 2.7), the requirement of EC5, 2.3.2.1(2) is that the modification factor 
Kmoa to be used to calculate the design load-carrying capacity of the connection be 
obtained from 


K mod = V Kmoa,1kmod,2 (EC5, equation (2.6)) (2.33) 
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side member — Knog 


side member — k,,,4 central member — kinog.2 


Fig. 2.7. A connection comprising two timber elements with different time-dependent 
behaviour. 


2.3.4 Load duration and moisture influences on deformations (ECS, 2.3.2.2) 


2.3.4.1 SLS analyses 
At the SLS, in order to demonstrate compliance with SLS criteria at the instantaneous 
and final displacement conditions, displacement analyses must be undertaken at each 
condition and, where a structure comprises members, components or connections hav- 
ing different time-dependent properties, the effect of creep on stiffness properties must 
be taken into account: 


(a) 


(b) 


(c) 


At the instantaneous condition, the analysis is undertaken using the design value 
of the combination of actions for the SLS, i.e. either equation (2.24) or (2.25) 
depending on whether the characteristic or the frequent combination of actions 
will apply. As the creep behaviour of the member is not relevant at this condition, 
in accordance with the requirements of ECS, 2.2.3(2), the mean value of the 
appropriate modulus of elasticity, shear modulus and slip modulus should be 
used to derive the stiffness properties. 

For analysis at the final deformation condition, where the structure has a linear 
elastic behaviour and consists of members, components and connections having 
the same creep behaviour, the design value of the combination of actions will be 
the summation of the actions used in the instantaneous condition analysis referred 
to in (a) plus the quasi-permanent combination, i.e. equation (2.26). In this 
situation, creep behaviour will not influence stress behaviour, and consequently 
the stiffness properties remain the same as those used for the instantaneous 
condition analysis. 

Where the structure comprises members, components and connections that have 
different creep behaviour, this will influence displacement behaviour. For this 
condition, the loading used for the final deformation analysis will be the same as 
for (a) and the creep effect on displacement behaviour will be achieved by using 
a reduced stiffness property for the structural elements. In accordance with the 
requirements of EC5, 2.3.2.2(1), reduced stiffness properties must be derived 
using the mean final values of the modulus of elasticity, shear modulus and slip 
modulus as given in the following equations, 


Emean . 
E'nean,fin = [———~ EC5, equation (2.7 2.34 
0 = + Kan) ( q (2.7)) (2.34) 
Gimean * 
Gimean,fin = 7———~ (EC5, equation (2.8)) (2.35) 


(1 + Keer) 
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2.3.4.2 


Ker . 

K ser. fin Cea (ECS, equation (2.9)) (2.36) 
where Eynean,fin 18 the final mean value of the modulus of elasticity, Emean is the 
mean value of elasticity, Gmean,fin 18 the final mean value of the shear modulus, 
Gmean 18 the mean value of the shear modulus, Kger,sin iS the final slip modulus, 
Ker is the slip modulus, defined in ECS, 7./, and Kader is the deformation factor 
for timber and wood-based products and, for connections, it will be as defined 
in 2.3.2. Values for kaep for timber and some wood-related products are given in 
Table 2.10. 


The design value of stiffness properties used in the analysis will therefore be 


E — mean G x Ginean K _ Ker (2 37) 
wee ht Kae) OS + aes) AF eae) 
where Ey srs is the design value of the final mean value of the modulus of elasticity at 
the SLS, Gass is the design value of the final mean value of the shear modulus at the 
SLS, and Ka srs is the design value of the final slip modulus at the SLS. 


ULS analyses 

At the ULS, analyses are undertaken to validate strength and stability behaviour, and 
the loading to be used will be that producing the greatest design effect, selected from 
the action combinations referred to in 2.2.24: 


(a) When undertaking a first-order linear elastic analysis (see 2.2.16.1) on a structure 
and the stiffness distribution within the structure does not affect the distribution of 
internal stress resultants, in accordance with the requirements of EC5, 2.2.2(1)P, 
the mean values of the appropriate modulus of elasticity, shear modulus and slip 
modulus shall be used to derive stiffness properties. This condition will apply 
where all members have the same time-dependent properties and the relevant 
stiffness related properties will be Emean, Gmean and Ker. 

(b) When undertaking a first-order linear elastic analysis of a structure and the stiff- 
ness distribution within the structure does affect the distribution of internal stress 
resultants, for the instantaneous condition, the stiffness related properties given in 
2.3.4.2(a) will still apply. This will be the case for structures where the members, 
including connections, have different time-dependent properties, or with com- 
posite members where the materials being used have different time-dependent 
properties. For the final condition, in accordance with the requirements of 
ECS, 2.2.2(1)P, the properties must be derived using the final mean value of 
the appropriate modulus of elasticity, shear modulus and slip modulus given 
in EC5, 2.3.2.2(2). The final mean values are adjusted to the load component 
causing the largest stress in relation to strength and are as follows: 


Emean : 
E mean, ioe a (EC5, equation (2.10)) (2.38) 
(LF Wokeer) a 


Gmmean 


(+ Wokaes) (ECS, equation (2.11)) (2.39) 


G mean, fin => 


82 Structural Timber Design to Eurocode 5 


K ser . 

K ser,fin Rie Ss (ECS, equation (2.12)) (2.40) 

where the functions are as previously defined and w is the factor for the quasi- 
permanent value of the action causing the largest stress in relation to the strength. 
If this is a permanent action, a value of | should be used. If the determination 
of wz is assessed to be a complicated or difficult exercise, a safe result will be 
obtained by adopting a value of | for the factor (see Table 2.2 for the value of 
Wa). 
When undertaking a second-order linear elastic analysis of a structure (see 
2.2.16.1.1(c)), in accordance with the requirements of EC5, 2.2.2(1)P, stiffness- 
related properties must be derived using the design values of the appropriate 
modulus of elasticity and/or shear modulus as defined in EC5, 2.4.1(2)P. For 
connections, the value used for the slip modulus will be K,, as given in ECS, 
2.2.2(2). 


(c 


Nee 


After derivation of the stiffness-related properties in accordance with the above 
requirements, the design value used in the ULS analysis will be 


Case (a) 
Eauts = ‘Eméans GauLs = Gmmean; Kauts = K ser (2.41) 
Case (b) (final condition) 
E Emean G Gimean K Ker 
dULS = —~————., d,ULS = —>————; d,ULS = >————_~ 
(1 + Wokaer) (1 + Yokaer) (1 + Yokaet) 
(2.42) 
Case (c) 
mean mean 
Eats = » Gauts = —, Kaurs = Ku (2.43) 


YM YM 


where the functions are as previously defined and Eg urs is the design value of the 
modulus of elasticity at the ULS, Gauts is the design value of the shear modulus at the 
ULS, Ka,uxs is the design value of the slip modulus at the ULS, and yy, is the partial 
factor for a material property (or connection) given in NA.2.3 of the UKNA to ECS. 

In the above equations, it has to be remembered that the value of Kaer used for 
conditions must be as explained in 2.3.2. 


2.3.5 Stress—strain relations (ECS, 3.1.2) 


Although the actual stress—strain relationship for timber and wood-related products 
when loaded to failure is generally non-linear, the characteristic strengths of structural 
timbers and wood products are derived assuming that a linear relationship exists. Con- 
sequently, when calculating the design stress in a section, e.g. flexural, axial, shear, etc., 
it is to be assumed that elastic behaviour will apply up to the failure condition. Where 
ECS considers that plastic behaviour can be taken into account to enhance member 
strength, this is incorporated into the relevant strength validation rules given in the 
code. 
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2.3.6 Size and stress distribution effects (EC5, 3.2, 3.3, 3.4 and 6.4.3) 


Timber is not a homogeneous material and due to the presence of defects, variability 
in strength across and along member lengths, as well as the loading configuration 
being used, the strength between and within members will vary. Although there has 
been considerable research and theoretical investigation into member size, length, 
volume, load configuration and stress distribution effects, there is not yet full agreement 
on the effect of these factors and how they should be incorporated into the design 
process. 

Because timber and wood-related products are brittle materials, the most widely 
adopted theoretical approach used in investigations has been based on the application 
of weakest link theory, using a Weibull distribution. Although not valid for some timber 
species, it is assumed that the strength-degrading defects in timber and wood-related 
products are randomly distributed throughout the sample volume and are of random 
size, enabling the sample to be considered as a chain element comprising several 
small volumes of different strength when subjected to tension. In this condition, the 
sample strength will be dictated by the strength of the weakest volume. If there are 
two members of differing volumes, V; and V2, and the strength distribution fits the 
Weibull distribution, it has readily been demonstrated (e.g. [20, 21]) that the theory 
will conclude that the ratio of the respective failure strength of the members (0; and 
0) can be written as 


v,\ tk 
Gigs a 


where k is the shape factor of the Weibull distribution. 

For bending stresses, equation (2.44) should be further adjusted to take account of 
the effect of the variation in stress distribution over the length of the member arising 
from the loading configuration being used; however, this effect has not been included 
for in ECS. 

For timber sections, the volumes V; and V2 can be represented by the member 
breadth, depth and length, i.e. b; x h, x L; and bz x hz x L, respectively, and equa- 
tion (2.44) can be written as 


o2\ b I/ky hy 1/ky be 1/ky 
ao) \b hy Ly 
where the exponents! /k,,1/k, and 1/k_are the factors associated with each dimension. 
Because the width of timber members does not vary significantly, the width effect is 


generally ignored and if members are strength tested at a constant span to depth ratio, 
the depth and length exponents can be combined to give a single factor, i.e. 


o\ _ hy 1/ku 
a) \hk 


This is the approach used in ECS for bending, where bending strengths obtained in 
accordance with BS EN408:1995 [22] require all tests to be carried out using a two- 
point bending configuration on a beam having a span to depth ratio of 18 (plus a 
tolerance allowance). 

The Weibull theory (as it is commonly referred to) has also been used to investigate 
volume effects as well as the effect of varying the types of loading configuration applied 
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to members. However, opinions vary among researchers on the application of these 
effects, and in particular loading configuration effects. Also, there is not full agreement 
on the values to be used for the relevant exponents. In such circumstances, EC5 has 
adopted a simplified approach and ignored certain of the effects. Factors have been 
included for bending and tensile strengths in solid timber, glued-laminated timber and 
LVL as well as a stress distribution and volume effects in double tapered, curved and 
pitched camber beams. The effects are not applicable to wood-based panel products, 
e.g. plywood, OSB, fibreboard, etc. 

The consequence of the above is that unlike designs in structural steel and reinforced 
concrete, when using timber from the same strength class the effect of defects can result 
in members of different sizes having different characteristic strengths. 

To take these effects into account, the characteristic values of strength properties 
that are influenced by the effect are derived using reference sizes (which for depth, 
width and length effects are the sizes above which the effect can be ignored) and the 
characteristic strength of the property used for design is obtained by multiplying the 
characteristic strength given in the relevant British Standard by a factor, k, derived 
from the member size, the reference size and the factor 1/ky, or 1/k,, as appropriate. 
The characteristic strengths in bending and tension given in BS EN 338:2003 have 
been derived using a reference depth of 150 mm for solid timber, 600 mm for glulam 
(EN 14080) and in BS EN 14374:2004, the reference depth for LVL bent edgewise is 
300 mm. No size factor is applicable for LVL when bent flatwise. The tensile strength 
of LVL is also affected by the length of the member and the reference length used in 
EN 14374:2004 is 3000 mm. 

In ECS factor kp, which relates to depth, and k,, which relates to length, are derived 
from exponential functions of the reference size divided by the member size, where the 
exponent is the value derived for 1/kp_ or 1/k., as appropriate. For sizes greater than 
the reference size the factor is less than unity, but, as the reduction is relatively small, 
it is ignored in ECS and taken to equal 1. When sizes are less than the reference value 
the factor will be greater than unity, resulting in an increase in the property strength. 
Also, as the member size decreases, an upper limit of 1.3, 1.1 and 1.2 has been set for 
ky for solid timber, glulam and LVL, respectively, to derive the characteristic bending 
strength and 1.1 for kg when deriving the characteristic tensile strength of LVL along 
the grain direction. The factor k, will apply to bending about the strong or the weak 
axis when dealing with solid timber but for horizontally laminated glued laminated 
timber, it will only apply to the beam depth where the section is loaded perpendicular 
to the plane of the wide faces of the laminations. For LVL, k, will only apply when a 
section is subjected to edgewise bending. 

As an example, the theoretical value of factor k, to be used to determine the char- 
acteristic bending and tensile strength of glulam beams is (600//)”!, where h is the 
depth for a member in bending or the width (the maximum size of the cross-section) 
for a member in tension and 1/kp, = 0.1. The relationship is given in EC5, equation 
(3.2) and a comparison with the theoretical value is shown in Figure 2.8. Above the 
600 mm reference size ky, is taken to be 1 and as the size of the beam decreases it 
follows the theoretical function until it reaches a maximum value of 1.1, which, for 
glulam members, occurs around a depth of 230 mm. 

Relationships for the size effects used in ECS for timber, glued-laminated timber and 
LVL as well as the volume and stress distribution effects in the apex zone of double 
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Theoretical function 


ECS size factor 


Factor 


0 100 200 300 400 500 600 700 800 86900 1000 
Depth of glulam beam 


Fig. 2.8. ECS factor (k,) for glulam beams in bending and tension compared with the 
theoretical value. 


tapered, curved and pitched cambered glued-laminated timber and LVL beams are 
summarised in Table 2.11 together with the associated reference criteria. 


2.3.7 System strength (ECS, 6.6) 


Where a continuous load distribution system laterally connects a series of equally 
spaced similar members, the distribution system will enable load sharing to take place 
between the members. This allows the member strength properties to be increased in 
value and is achieved by multiplying the relevant properties by a system strength factor, 
kgys. The factor is only relevant where the system is able to redistribute load. It takes 
advantage of the fact that stiffer members will take a greater share of the applied load 
than weaker members and that there will be a low probability that adjacent members 
in the system will have the same strength and stiffness characteristics. 

The continuous load distribution system must be able to transfer the loads on the 
system from one member to the neighbouring members and for this condition ky, shall 
be taken to equal 1.1. This can be taken to apply where the load distribution system is 
as follows: 


(a) Structural flooring connected to floor beams where the flooring is continuous 
over at least two spans, necessitating at least four members, and any joints in the 
flooring are staggered. 

(b) Stud walling connected by sheathing fixed to the studs in accordance with the fix- 
ing manufacturers recommendations or as required by the design. The maximum 
spacing of studs should be taken to be 610 mm c/c. 

(c) Tiling battens, purlins or structural panels connected to roof trusses where the 
load distribution members are continuous over at least two spans, necessitating 
at least four trusses, with any joints being staggered. The spacing of the trusses 
must not be greater than 1.2 m. 
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Where there is a requirement to have to verify that the load distribution system is strong 
enough to transfer the loading between the members, the loading shall be assumed to 
be of short-term duration. 

If laminated timber flooring is to be used in the structure, the value of ky, will 
be dependent on the number of loaded laminations being used and whether the floor 
will be nailed/screwed or pre-stressed/glued. Values for the system strength factor for 
laminated floor plates made from solid timber or glued-laminated timber are given in 
ECS, Figure 6.12. 


2.4 SYMBOLS 


The symbols and subscripts used in the text are generally the same as those used in 
ECO and ECS. 


Latin upper case letters 


A Accidental action 

Aa Design value of an accidental action 

Af Cross-sectional area of a flange 

Aw Cross-sectional area of a web 

Cc A function of certain design properties of a material 

E Modulus of elasticity of a material 

Eo.05 Fifth percentile (characteristic value) of modulus of elasticity 

E0,mean Mean value of modulus of elasticity parallel to the grain 

E90, mean Mean value of modulus of elasticity perpendicular to the grain 

Eman Mean value of modulus of elasticity 

Emean,tin Final mean value of modulus of elasticity 

E)osb,0,mean Mean value of modulus of elasticity parallel to the surface grain of 
plywood or OSB panel length 

E> osb,90,mean Mean value of modulus of elasticity perpendicular to the surface 


grain of plywood or OSB panel length 


Ef The effect of actions 

Efa Design value of the effect of actions 

F Action or force 

Fax Ed Design axial force on a fastener 

Fax Rd Design value of the axial withdrawal capacity of the fastener 

Fax Rk Characteristic axial withdrawal capacity of the fastener 

Fy Compressive action or force 

Fy Design value of a force 

Fa ser Design force at the serviceability limit state 

Ferd Design load capacity per fastener in wall diaphragm 

FicBd Design compressive reaction force at the end of shear wall i 

FicRd Design tensile reaction force at the end of shear wall i 

Fi vert,Ed Design vertical load on wall i 

Fiy Rd Design racking resistance of panel i (when using method A) or wall 
i (when using method B) 

Fy Characteristic value of an action or force 


F, rep 


Representative value of an action 
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F, 
Fy 0,Rk 
Fy Fa 


Fy ra 


Ker, fin 
Ku 


Ma, 
Mya; Mea 
My Rk 


Tensile force 

Characteristic load capacity of a connector along the grain 
Design shear force per shear plane of fastener; horizontal design 
effect on wall diaphragm 

Design load capacity per shear plane per fastener; design racking 
load capacity 

Characteristic load capacity per shear plane per fastener 
Design shear force on web 

Design value of a force in the x-direction 

Design value of a force in the y-direction 

Permanent action 

Fifth-percentile value of shear modulus 

Design value of shear modulus 

Lower design value of a permanent action 

Upper design value of a permanent action 

Characteristic value of a permanent action 

Characteristic value of permanent action j 

Lower characteristic value of permanent action j 

Upper characteristic value of permanent action j 
Characteristic value of permanent action j 

Mean value of shear modulus 

Second moment of area of a section 

Second moment of area of a flange 

Torsional moment of inertia 

Second moment of area about the strong axis 

Second moment of area about the weak axis 

Slip modulus of a fastener or connector for the serviceability limit 
state at the instantaneous condition 

Slip modulus of a fastener or connector at the final condition 
Slip modulus of a fastener or connector for the ultimate limit state at 
the instantaneous condition 

Design moment 

Design moment about the principal y—y axis and the z—z axis 
Characteristic yield moment of fastener 

Axial force 

Variable action 

Characteristic variable action 

Leading variable action 

Characteristic value of accompanying variable action i 
Design splitting capacity 

Characteristic splitting capacity 

Design load capacity of an axially loaded connection 
Characteristic load capacity of an axially loaded connection 
Characteristic load capacity at an angle « to the grain 

Design value of load capacity of the resistance 

Effective characteristic load capacity of a connection 

Design racking capacity of a wall 

Characteristic value of the resistance 
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Characteristic splitting capacity 

Design racking capacity of a wall diaphragm 

First moment of area 

Shear force; volume 

Section modulus about axis y 

Section modulus about axis z 

Design value of a material strength property 
Characteristic value of a material strength property 


Latin lower case letters 


a 


Dnet 
by 
d 
d. 
d. 
Sik 
Sax.k 
So.o,a 
Tew.d 
So.td 
Fe,90,k 
fita 
Sk 
Sead,k 
fi 
Smk 
Fmy,d 
fim,z.d 
Sn,o,d 


Sp,0sb,c,0,d 
Fp,osb,c,90,k 


Jp,osb,m,0,k 


Distance 

Design value of geometrical data 

Nominal value of geometrical data 

Spacing, parallel to the grain, of fasteners within one row 
Spacing, perpendicular to the grain, between rows of 
fasteners 

Distance between fasteners at an unloaded end 
Distance between fasteners at a loaded end 

Distance between fasteners at an unloaded edge 
Distance between fasteners at a loaded edge 

Distance between fasteners at an unloaded edge 
Width 

Width of panel i (method A) or wall i (method B) 
Clear distance between studs 

Web width 

Diameter 

Connector diameter 

Effective diameter 

Characteristic embedment strength of timber member i 
Characteristic withdrawal parameter for smooth nails 
Design compressive strength along the grain 

Design compressive strength of a web 

Design compressive strength of a flange 
Characteristic compressive strength perpendicular to the grain 
Design tensile strength of a flange 

Characteristic embedment strength 

Characteristic pull-through parameter for smooth nails 
Fundamental frequency 

Characteristic bending strength 

Design strength about the principal y-axis 

Design strength about the principal z-axis 

Design strength at an angle « to the grain 


Design compressive strength of plywood or OSB along the surface 


grain 


Characteristic compressive strength of plywood or OSB perpendic- 


ular to the surface grain 
Characteristic bending strength parallel to the surface grain of 
plywood or OSB 
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p.osb,m,90,k 
Fp,0sb,t,0,d 
Fp,0sb,t,0,k 
p,osb,v,0,d 
JF ,0sb,v,0,k 


Fp,0sb,v,90,k 


fod 
St.0,k 
fi,90,4 
Suwa 
fu 

Su 
Av,0.k 
Jvvax,o.k 
Jv,ax,90,k 
va 
vx 
Kuk 

h 


hap 
he 


Neg 

hg 

hee 

hy 

i 

ly OF i, 
Ke,90 

Ke,y OF Ke,z 
Kerit 

Keg 

ka 

Ket 

Kais 

ke 1ke2,.ke,3 
ky 

King 

ke 


km 


Characteristic bending strength perpendicular to the surface grain of 
plywood or OSB 

Design tensile strength of plywood or OSB parallel to the surface 
grain 

Characteristic tensile strength of plywood or OSB parallel to the 
surface grain 

Design transverse shear strength in bending parallel to the surface 
grain of plywood or OSB 

Characteristic transverse shear strength in bending parallel to the 
surface grain of plywood or OSB 

Characteristic transverse shear strength in bending perpendicular to 
the surface grain of plywood or OSB 

Design tensile strength along the grain 

Characteristic tensile strength along the grain 

Design tensile strength at right angles to the grain 

Design tensile strength of the web 

Tensile strength of wire used for nails 

Characteristic tensile strength of bolts 

Design panel shear strength 

Characteristic withdrawal strength at an angle « to the grain 
Characteristic withdrawal strength perpendicular to the grain 
Design shear strength 

Characteristic shear strength 

Characteristic rolling shear strength of plywood 

Depth of member; height of wall 

Depth of the apex zone 

Embedment depth; distance between centre of the most distant fas- 
tener and the loaded edge 

Effective depth 

Depth of compression flange 

Depth of tension flange 

Web depth 

Notch inclination 

Radius of gyration 

Bearing strength modification factor 

Instability factor 

Factor used for lateral buckling 

Exponent factor to derive the effective number of fasteners in a row 
Dimension factor for a panel 

Deformation factor 

Factor for taking account of the stress distribution in an apex zone 
Modification factors for bracing resistance 

Depth factor 

Uniformly distributed load factor 

Factor for limiting lateral deflection in bracing design; factor for 
length effect in LVL 

Factor for the redistribution of bending stresses in a cross-section 
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Ucreep 
Ufin 
Ufin,G 
Ufin,Q,1 
Ufin, Q,i 
Uinst 
Uinst,G 
Uinst,O,1 
Uinst, O,i 
Vv 

Ww 

We 
Wereep 
Wfin 
Winst 
Whet, fin 


Modification factor for duration of load and moisture content 
Sheathing material factor; notch factor 

Fastener spacing factor; modification factor for spring stiffness 
Factor depending on the shape of the cross-section 
Amplification factor for shear deflections 

System strength factor 

Reduction factor for notched beams 

Volume factor in apex zone 

Instability factor 

Span; contact length 

Effective length; design span of a beam 

Mass per unit area 

Number of frequencies below 40 Hz 

Effective number of fasteners 

Design value of a distributed load; the design value of the internal 
stability load per unit length provided by a bracing system 
Equivalent uniformly distributed vertical load acting on a wall 
Radius of curvature 

Spacing 

Basic fastener spacing 

Inner radius of a curved or pitched cambered beam at the apex zone 
Thickness 

Penetration depth 

Deformation; horizontal displacement of a structure or structural 
element 

Creep deformation 

Final deformation 

Final deformation for a permanent action 

Final deformation for a leading variable action 

Final deformation for accompanying variable action i 
Instantaneous deformation 

Instantaneous deformation for a permanent action, G 
Instantaneous deformation for a leading variable action, Q; 
Instantaneous deformation for accompanying variable action Q; 
Unit impulse velocity response 

Vertical deflection limit of a structural member 

Pre-camber 

Creep deflection limit 

Final deflection limit 

Instantaneous deflection limit 

Net final deflection limit 


Greek upper case letters 


Ik 


Product of the k factors that affect the design value 


Greek lower case letters 


ax andp Angles 


Be 


Straightness factor 
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Ip Partial factor for actions also accounting for model uncertainties and 
dimensional variations 
jl Partial factor for action i that takes account of the possibility of 
unfavourable deviations of the action values from the representative 
values 
G Partial factor for permanent actions 
Gj Partial factor for permanent action j 
0 Partial factor for variable actions 
0, Partial factor for variable action i 
a Partial factor for material properties 
M Partial factor for material properties also accounting for model 
uncertainties and dimensional variations 
Sd Partial factor taking account of uncertainties in modelling the effects 
of actions 
id Modal damping ratio 
n Conversion factor 
Ay Slenderness ratio corresponding to bending about the y-axis 
Xz Slenderness ratio corresponding to bending about the z-axis 
Arel,y Relative slenderness ratio corresponding to bending about the y-axis 
Arel,z Relative slenderness ratio corresponding to bending about the z-axis 
Pk Characteristic density 
Pm Mean density 
Oc.0,d Design compressive stress along the grain 
Oc,a,d Design compressive stress at an angle « to the grain 
Of,c,d Mean design compressive stress in a flange 
Of,c,max,d Design compressive stress of the extreme fibres in a flange 
Of,t.d Mean design tensile stress in a flange 
Of t.max,d Design tensile strength of the extreme fibres in a flange 
Om,crit Critical bending stress 
Om,y,d Design bending stress about the principal y-axis 
Om,z,d Design bending stress about the principal z-axis 
Om,a,d Design bending stress at an angle « to the grain 
On Axial stress 
0t,0,d Design tensile stress along the grain 
01,90,d Design tensile stress perpendicular to the grain 
Ow,c,d Design compressive stress in a web 
Ow, td Design tensile stress in a web 
Tt, and t,4 Shear stress and design shear stress 
Ttor,d Design torsional shear stress 
Wo Factor for the combination value of a variable action 
Wi Factor for the frequent value of a variable action 
W2 Factor for the quasi-permanent value of a variable action 
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Chapter 3 
Using Mathcad® for Design Calculations 


3.1 INTRODUCTION 


Mathcad is a powerful and easy to use computational tool that is used by most aca- 
demic institutions and many design offices. The aim of this chapter is to demonstrate 
how the analysis and design calculations for structural timber can be incorporated into 
simple-to-use electronic notepads or worksheets using this software. Access to a per- 
sonal computer (PC) and the associated software ‘Mathcad’ is not a prerequisite for 
understanding the design calculations in the examples given in the book. All of the 
design examples in the book are fully self-explanatory and well annotated. They have 
been produced in the form of worksheet files and are available on a CD to run under 
Mathcad 11 or higher. Details are given at the end of the book. 

The design worksheets given are intended as a source of study, practice and further 
development by the reader. They should not be seen as complete and comprehensive 
but rather as the foundations of a design system that can be developed further. The 
aim is to encourage readers to use computing as a tool to increase their understanding 
of how design solutions vary in response to a change in one or more of the variables 
and how alternative design options can be readily obtained. This will allow design 
engineers to arrive at the most suitable and economic solution quickly. 

It is important to note that this chapter is not intended to teach Mathcad. It aims only 
to familiarise the readers with the Mathcad worksheet formats that are used to produce 
the design examples given in the book. 


3.2. WHAT IS Mathcad? 
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Mathcad (developed by MathSoft Engineering and Education Inc.) [1] is an electronic 
notepad (live worksheet) that allows mathematical calculations to be performed on a 
computer screen in a format similar to the way it would be carried out for hand calcu- 
lations. While Mathcad employs the usual mathematical symbols (i.e. +, —, /, =), for 
algebraic operations it also uses the conventional symbols of calculus for differentia- 
tion and integration to perform these operations. It preserves the conventional symbolic 
form for subscribing, special mathematical and trigonometric functions, series opera- 
tions, and matrix algebra. When expository text is added, Mathcad’s symbolic format 
leads to reports that are easily understood by others. Data can be presented in both 
tabular and graphical forms. 

Mathcad can also be used to answer, amongst many others, the ‘what-if’ questions 
in engineering problems. With a well-structured worksheet, design calculations can be 
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Fig. 3.1. A simple calculation. 


performed whereby parameters can be changed and the results viewed almost imme- 
diately on the computer display and/or printed. 


3.3. WHAT DOES Mathcad DO? 


Mathcad combines the live document interface of a spreadsheet with the WYSIWYG 
interface of a word processor [2]. With Mathcad, functions can be represented graphi- 
cally and equations can be typeset on the screen, exactly the way they are presented in 
textbooks but with the advantage that the calculations can also be done. 

Mathcad comes with multiple fonts and has the ability to print what you see on the 
screen through any Windows supported printer. This, combined with Mathcad’s live 
document interface, makes it easy to produce up-to-date, publication-quality engineer- 
ing reports and/or design solution sheets. 

The following sub-sections demonstrate how some simple operations are carried 
out in Mathcad. This is to illustrate the format and meaning of the operations used to 
produce the examples in this text. 


3.3.1 A simple calculation 


Although Mathcad can perform sophisticated mathematics, it can just as easily be used 
as a simple calculator [2]. For example, click anywhere in the worksheet; you will see a 
small crosshair. Type 20 — 6/30.5=. As soon as the ‘equal to’ key is pressed, Mathcad 
computes and shows the result; see Figure 3.1. 


3.3.2 Definitions and variables 


Mathcad’s power and versatility quickly becomes apparent when variables and func- 
tions are being used [2]. By defining variables and functions, equations can be linked 
together and intermediate results can be used in further calculations. 
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Fig. 3.2. Calculating with variables and functions. 


For example, to define a value of say 10 to a variable, say t, click anywhere in the 
worksheet and type f: (the letter t followed by a colon). 

Mathcad will show the colon as the definition symbol : = and will create an empty 
placeholder to its right. Then type 10 in the empty placeholder to complete the definition 
for ft. 

To enter another definition, press return [|] to move the crosshair below the first 
equation. For example, to define acc as —9.8 type acc:—9.8. Then press [ _|] again. 

Now that the variables acc and ¢ are defined, they can be used in other expressions. 
For example, to calculate the magnitude of wey? type acc/2*t*2. The caret symbol “ 
represents raising to a power, the asterisk * is multiplication, and the slash / is division. 

To obtain the result, type ~ for Mathcad to return the result as shown in Figure 3.2. 


3.3.3. Entering text 


Mathcad handles text as easily as it does equations [2]. To begin typing text, click in an 
empty space and choose Text Region from the Insert menu or simply type **. Mathcad 
will then create a text box in which you can type, change font, format and so on as you 
would when using a simple Windows based word processor. The text box will grow as 
the text is entered. 

Now type, say, ‘Equation of motion’; see Figure 3.3. To exit text mode simply click 
outside the text box. 


3.3.4 Working with units 


Mathcad’s unit capabilities take care of many of the usual chores associated with using 
units and dimensions in engineering analysis and design calculations [2]. Once the 
appropriate definitions are entered, Mathcad automatically performs unit conversions 
and flags up incorrect and inconsistent dimensional calculations. 
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Fig. 3.3. Entering text. 


The SI system is used and, although Mathcad version 11 or greater recognises most 
of the common units used in practice, by default a result will be displayed using its 
fundamental units. If the result is to be expressed in other units compliant with the SI 
system, this will be achieved by clicking the unit placeholder at the end of the result 
and inserting the units to be used. You can also define your own units if you so wish, 
and to assign units to a number, simply multiply the number by the name or letter(s) 
that defines the unit. 

To illustrate the above, calculate the magnitude of the bending moment M at the 
built-in end of a cantilever of length L = 2 m induced by a force of P = 10 kN acting at 
its free end. To do this, click anywhere in a Mathcad worksheet and type the following: 


L:=2*m 
P: = 10*kN 
M:=FP*L 


Then type M=. As soon as the ~ sign is typed, Mathcad will compute the result and 
also display the units of M (as shown in Figure 3.4). The default unit for force times 
distance is joule and to display the answer in kN m, click the placeholder to the right 
of 10 and insert kN*m. 

Several of the equations given in ECS [3] are empirical and dimensionally incorrect. 
In such circumstances, to obtain the correct result from the Mathcad equation, each 
symbol within the equation must be made dimensionless by dividing by its associated 
units and the units used for the symbol to be imported into the equation must use the 
units defined in EC5. 

For example, to obtain the yield moment of a bolt, My rx, EC5, equation (8.30) must 
be used. The equation is structured to give the answer in N mm units providing the 
tensile strength of the bolt, f,., is in N/mm? and the bolt diameter, d, is in mm units. 
The equation is 


My rx = 0.3 fuxd?® (ECS, equation (8.30)) 
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Fig. 3.4. Equations using units. 


To obtain the answer, the units for f,,, must be N/mm? and d must be in mm. The 
equation is then set up with the dimensions removed from each function, and at the 
end of the equation, type *N*mm. To obtain the solution, type My px = and the answer 
will be given in N mm units as shown in the following example: 


fuk = 400N-mm~? d:=3-mm 


mm2 eee 
Myr = 0.3- (Jus : ~~) : (<) -Nmm 
N mm 


My rk = 2.09 x 10? Nmm 


3.3.5 Commonly used Mathcad functions 


In the examples in the book, there are some Mathcad functions that are commonly used 
and an explanation of how two of these functions are set up for use in calculations is 
given. 


3.3.5.1 Maximum and minimum values 
The Mathcad function will determine the maximum or minimum value where a function 
in a problem has more than one value. 


Example. The effective number of bolts in a row loaded parallel to the grain will be 
the minimum of value n (the number of bolts in the row) and function n°? Ya, /(13d) 
(where a, is the bolt spacing along the row and d is the bolt diameter). When these 
functions have been defined within the calculation the minimum value, say nes, will be 
obtained by typing n.ef:.r:min(n,n*0.9shift*(a.1/13*d)*0.25). The reference to ‘shift’ 
in the expression means to press the spacebar key. To obtain the answer on a new line 
press return [ _|] and type n.ef'r=. 
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3.3.5.2 


For example, where the number of bolts (7) in a row in a connection equals 3, each 
bolt diameter (d) is 12 mm, the bolt spacing parallel to the grain (a,) is 90 mm, and 
the connection is loaded parallel to the grain, the effective number of bolts in the row, 
Nef, Will be 


Net = min | n no? ( : Ve | 
ef - bo MH * 


Net = 2.34 


There can be any number of functions within the brackets and if a maximum value is 
required the procedure is as explained but type max rather than min. 


Conditional statement 
This function will enable a solution to be obtained when the evaluation process will 
involve compliance with particular conditions. 


Example. The determination of the lateral torsional instability function, Kerit is depen- 
dent on the value of the relative slenderness ratio for bending, Arei.m. When Korie < 0.75 
the value of Arelm 18 1, when 0.75 < Kerit < 1.54 the value is 1.56—-0.75 Aret.m and when 
Kerit > 1.54 itis 1/ Dace To obtain the value within a calculation in which the function 
Arel,m has been determined, the following procedure will apply: 


(1) Open the programming toolbar from the View menu. 

(2) On a new line in the calculation, type k.crit: and press]. 

(3) Click the top placeholder and type 1. Click the ‘if’ statement on the programming 
toolbar and it will appear after | in the calculation. 

(4) In the placeholder after the ‘if’ type A.rel.m < 0.75; 

(5) Move to the placeholder on the next line and press ] and another placeholder 
will appear on the line below. 

(6) In the first placeholder, type 1.56—-0.75* 4. rel.m and then click the ‘if’ statement 
on the programming toolbar. 

(7) In the placeholder after ‘if’ type 0.75 < A.rel.m < 1.54. 

(8) Move to the placeholder on the bottom line and type 1/A.rel.m’2 then press the 
shift key two times and click the ‘otherwise’ statement on the programming 
toolbar. 

(9) To obtain the value for ki, press return [ J] and type k.crit=. 


For example, if the relative slenderness ratio for bending of a member is 1.33, the value 
of Kerit Will be 


1 if Arelm < 0.75 
Kerit == | 1-56 — 0.75 + Aretm if 0.75 < Arelm < 1.4 
! otherwise 


2 


rel,m 
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3.4 SUMMARY 


The previous examples aimed to demonstrate the simplicity of using Mathcad in pro- 
ducing the design examples given in the following chapters of this book. To learn more 
about Mathcad, readers are referred to [1-3]. 


3.5 REFERENCES 


1 Wieder, S., Introduction to Mathcad for Scientists and Engineers. McGraw-Hill, 
Hightstown, 1992. 

2 Mathcad 11 User’s Guide, MathSoft Engineering and Education, Inc., Bagshot, 
Surrey, UK. 

3 BS EN 1995-1-1:2004. Eurocode 5: Design of Timber Structures. Part 1-1: General — 
Common Rules and Rules for Buildings, British Standard Institution. 


Chapter 4 
Design of Members Subjected to Flexure 


4.1 INTRODUCTION 


Flexural members are those elements in a structure that are subjected to bending, 
and several types and forms of such members are used in timber construction. Typi- 
cal examples are solid section rectangular beams, floor joists, rafters and purlins. 
Other examples include glulam beams and composites (thin webbed beams and thin 
flanged beams), and the design requirements of these types of members are covered in 
Chapters 6 and 7 respectively. Typical examples of timber beams, floor joists and 
purlins are shown in Figure 4.1. 

Although the design principles used for the design of timber members in bending are 
essentially the same as those used for members constructed from other materials, e.g. 
concrete or steel, material characteristics peculiar to timber and wood-based structural 
products dictate that additional design checks are undertaken. With timber, the material 
properties are different in the two main directions, i.e. parallel and perpendicular to the 
grain and, unlike steel and concrete, they are affected by changes in moisture content 
and duration of load. 

This chapter deals in detail with the general requirements that are necessary for the 
design of flexural members made from straight solid timber or wood-based structural 
products of uniform cross-section in which the grain runs essentially parallel to the 
member lengths. The design of tapered, curved and pitched cambered beams is covered 
in Chapter 6. 


4.2 DESIGN CONSIDERATIONS 


The main design requirements for flexural members are listed in Table 4.1. 

Flexural members have to satisfy the relevant design rules and requirements of EC5 
[1], and the limit states associated with the main design effects are given in Table 4.1. 
The equilibrium states and strength conditions (i.e. bending, shear and bearing) relate 
to failure situations and are therefore ultimate limit states, whereas the displacement 
and vibration conditions relate to normal usage situations and are serviceability limit 
states. If, however, a design condition is able to arise where a displacement could result 
in structural collapse, ultimate limit states would have to be checked for the largest 
design effects arising from the application of the fundamental combination of actions 
referred to in 2.2.24. 

Small deflection bending theory is taken to apply and limitations on permissible 
deviations from straightness must comply with the criteria given in Section 10 of ECS. 
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Table 4.1 Main design requirements for flexural members and the associated 
ECS limit states 


Design or displacement effect ECS limit states 
Retention of static equilibrium (sliding, uplift) ULS 
Bending stress and the prevention of lateral torsional instability ULS 
Shear stress ULS 
Bearing stress ULS 
Torsion stress (where relevant) ULS 
Deflection SLS 
Vibration SLS 


In general, bending is the most critical criterion for medium-span beams, deflection 
and vibration for long-span beams, and shear for heavily loaded short-span beams, but 
in practice, however, design checks have to be carried out for all of the design and 
displacement conditions. 

For strength-related conditions, the design value of each stress (i.e. the design stress) 
is calculated and compared with the design value of its equivalent strength (i.e. the 
design strength modified where appropriate by strength factors) and, to meet the code 
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(a) Solid section joists with skewed blocking (b) Solid section trimmer beam and joists 
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(c) Deep long-span LVL joists exposed (d) Purlins 


Fig. 4.1. Examples of flexural members. 
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reliability requirements, when using the partial factor method the following condition 
must be met: 


Design stress < (Strength factors) x Design strength 


4.3 DESIGN VALUE OF THE EFFECT OF ACTIONS 


To verify the ultimate and serviceability limit states, each design effect has to be 
checked and for each effect the largest value caused by the relevant combination of 
actions must be used. In the case of the ultimate limit states, the largest values will 
be derived from the application of the fundamental combination of actions referred to 
in 2.2.24 and given in Table 2.8. Where accidental situations have to be designed for, 
the combination of actions given in Table 2.9 must also be used. For the serviceability 
limit states, the combination of actions discussed in 2.2.25 will apply. 

For the strength-related states, the design effect will also be a function of the 
strength modification factor, kmog, referred to in 2.2.20. Where a load combination 
comprises actions having different load duration classes, as explained in 2.2.24, 
the modification factor corresponding to the action with the shortest duration used 
in the combined load case is applied to the strength property being considered, 
and where there is a linear relationship between action and effect, the design con- 
dition will be that giving the largest value after division by the associated kyo 
factor. 

With the equilibrium related states the design effects will apply solely to matters 
associated with static instability, and kmoq will not be relevant. 

For the SLS, the kmoq modification factor is again not applicable as the design effects 
being considered are displacement and vibration under normal usage. The loading 
conditions to be used for these states are defined in 2.2.25. 

An indication of the work involved in determining the critical load cases that will 
result in the greatest design effects at the ULS and the SLS is given in Example 4.8.1. 
The example covers the basic case of a simply supported beam subjected to permanent 
and variable actions, anchored at its ends to supporting structure, with all possible load 
cases being considered. Although the determination of the critical load cases is not 
difficult, it is time consuming, particularly when dealing with redundant structures. To 
be able to validate that the critical design effect of actions is being used, the design 
effects arising from all possible load combinations should be covered. For the examples 
given in the book, however, to ensure that attention is primarily focussed on the ECS 
design rules for the timber or wood-based product being used, only the design load 
case producing the largest design effect has generally been given or evaluated in the 
calculations. 


4.4 MEMBER SPAN 


In EC5 the bearing stress at the end of a beam is taken to be uniformly distributed 
over the bearing area, and for simply supported beams where the bearing area is much 
greater than is required for strength reasons, the beam need only be designed to span 
onto sufficient area to ensure that the design bearing strength is not exceeded. 
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Actual beam Actual beam 
bearing length bearing length 
Beam bearing . Clear span , Beam bearing 

length required i i length required 


'¢__ Effective span (design span) £ —————— 


Fig. 4.2. Beam span. 


In such instances the design span, i.e. the effective span of the beam, will be the clear 
span plus half the bearing length at each end, as shown in Figure 4.2. For solid timber 
beams and joists as well as built-up flooring beams it is usually acceptable to assume 
an additional length of 50 mm to be added to the clear span, and for built-up beams 
with spans up to 12 m an allowance of 100 mm should be made. For cases where the 
beam loading is high or longer span beams are being used, initial checks should be 
made on the bearing requirement to determine the allowance to be made. 


4.5 DESIGN FOR ULTIMATE LIMIT STATES (ULS) 


At the ULS, beam design is validated against failure state conditions and the design 
procedures for members of solid timber or wood-based structural products at these 
states are given in Section 6 of ECS. 


4.5.1 Bending 


The elastic theory of bending states that when, for example, a solid rectangular member 

as shown in Figure 4.3 is subjected to a bending moment M about the y—y axis (the 

strong axis), the design stress at any distance z from this axis will be 
M-z 


o= 
i 


(4.1) 


where J, is the second moment of area of the cross-section about the y—y. 

The term J,/z is referred to as the section modulus about the strong axis and is 
denoted by the symbol W,,. The value of W, is dependent on the distance from the y—y 
axis and the values used in design for z are the distances to the extreme tension and 
compression fibre position on the section. Adopting the symbols defined in Chapter 2, 
the design bending stress, om, y,4, at the extreme fibre position in the rectangular section 
shown in Figure 4.3 when bent about its strong axis by a design moment, Mg, will be 


Mg 
Om,y,d = W. (4.2) 


Pg 
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4.5.1.1 


4 


Fig. 4.3. Cross-section of a rectangular beam. 


where 


w. a> bhe 2 bh? es 
ie i ke “a 
Similar expressions may be derived for the design bending stress about the z—z axis 
(the weak axis) at the extreme fibre positions based on the design moment about that 
axis and the W, section modulus. 

When a member is subjected to bending, provided that there is no reduction in 
strength due to lateral torsional instability of the section, its design strength will be 
based on the bending strength of the member material. Lateral torsional instability 
affects a member bent about the y—y axis when the compression face of the member is 
not fully restrained against lateral movement and the relative slenderness for bending, 
Arel,m, about this axis is >0.75. The design procedure for members that are not affected 
by lateral torsional instability is addressed in 4.5.1.1. 

Where the relative slenderness for bending of a member about the y—y axis exceeds 
0.75, the design procedure for taking the effect of lateral torsional instability into 
account is given in 4.5.1.2. 

The procedure for determining the relative slenderness ratio for bending of a member 
about its strong axis is given in 4.5.1.2. 


Bending (where the relative slenderness ratio for bending about 

the major axis is <0.75) 

When a member is subjected to uni-axis bending about its y—y axis and the relative 
slenderness ratio for bending about this axis is <0.75, the design condition for bending 
is that the maximum bending stress in the section shall not exceed the design bending 
strength of the timber or wood-based structural material used for the member. This is 
achieved by compliance with equation (4.4a): 


Om,y,d 
ee | (4.4a) 
ti m,y,d 
For a member subjected to uni-axis bending about its z—z axis, lateral torsional insta- 
bility will not occur and the design condition is again that the maximum bending stress 
in the section must not exceed the design bending strength of the timber or wood-based 
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structural product material used for the member. For bending about this axis, equation 
(4.4b) must be satisfied: 


Smet ae 4 (4.4b) 
Simz.d 


If a member is subjected to bending about both axes and the relative slenderness ratio 
for bending about the y—y axis is <0.75, the design conditions to be met are that 
equations (4.4c) and (4.4d) must be satisfied, 


Om,y,d k Om,z,d 


a <1 (ECS, equation (6.11)) (4.4c) 
Sin.y,d Fmzd 
Om,y,d Om,z,d : 
km + <i (ECS, equation (6.12)) (4.4d) 
Tmy,d Smzd 


where om,y,q and om,z,q are the design bending stresses about the strong and weak 
axes as shown in Figure 4.3, and, for a rectangular section of width b (mm) and depth 
h (mm) as shown: 


My. 
Wy 


Om,y,d = 


where M,, q is the design bending moment about the y—y axis and W, = (bh7)/6 is the 
associated section modulus; 
M zd 

W: 


Om,z,d = 


where M, « is the design bending moment about the z—z axis and W, = (hb*)/6 is the 
associated section modulus. fm,y,q and fm,z,a are the design bending strengths about 
the strong and the weak axes, respectively, and 


Kmod . Keys . ky ‘ fim,k 
YM 


Imy/z4d = (4.5) 


Here 


Kmoa iS the modification factor for load duration and service classes discussed in 
2.2.20 and given in Table 2.4. 

k.ys is the system strength factor discussed in 2.3.7. 

ky is the modification factor for member size effect, referred to in Tables 2.5 
and 2.11 and discussed in 2.3.6. As the effect only applies to solid timber and 
LVL (when bent flatwise), as well as glulam, for design using other wood-based 
structural products, the factor should be taken to equal 1. Because the factor is 
dependent on the member size in the direction of bending, the value for bending 
about the y—y axis can differ from the value for bending about the x—x axis. 

Jm.x is the characteristic bending strength of the timber or, in the case of a wood- 
based structural product, the characteristic bending strength relating to the axis 
of bending being considered. Strength information for timber and the commonly 
used wood-based structural products is given in Chapter 1. 
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Fig. 4.4. Lateral torsional buckling of a beam subjected to uniform end moments M applied about 
the major axis (lateral buckled position shown solid). 


4.5.1.2 


¢ yw is the partial coefficient for material properties, given in Table 2.6. 
¢ km is a modification factor that allows for an element of redistribution of stress 
(yield behaviour) in the stress block and also takes into account the effect of 
variation in material properties. Values for the factor are given in 6.1.6(2), ECS: 
— For solid timber and LVL (and glued-laminated timber), k,, = 0.7 for a rectan- 
gular section, and k,, = 1.0 for other cross-sections. 
— For other wood-based structural products, ky, = 1.0 for any cross-section. 


Sections in which the second moment of area about the y—y and z—z axes has the 
same value (e.g. square or circular solid timber members) lateral torsional instability 
will not occur and fim,y,q Will equal fm,z.4. When using a circular cross-section, the 
section modulus will be (2d*) /32, where d is the diameter of the member section. 


Bending (where the relative slenderness ratio for bending about 

the major axis is >0.75) 

When a perfectly straight beam is subjected to bending about its y—y axis, it can be 
shown by elastic buckling theory that there is an elastic critical load at which the beam 
will become unstable, failing suddenly by deflecting sideways and twisting about its 
longitudinal x—x axis. This mode of failure is termed lateral torsional buckling and is 
shown in section A—A in Figure 4.4 for a member subjected to pure bending about the 
y—y axis. 

The bending moment at which elastic buckling will occur is termed the elastic critical 
moment and is a function of the nature of the loading on the beam, the length of the 
beam and its support conditions, the position of the beam loading relative to its shear 
centre, the shear modulus and modulus of elasticity of the beam as well as its section 
properties. For a member with a design span, @, restrained against torsional movement 
at its ends but free to rotate laterally in plan, subjected to a pure moment applied at 
its ends about the y—y axis, as indicated in Figure 4.4, it can be shown that the elastic 
critical moment of the beam, My .rit, will be: 


Eo.osl-Go.05 ltor 
My crt _ ue 0.0542 0,05 +t (4.6a) 
ey (1-(./4)) 
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% overestimate of buckling strength 


2 
0.1 0.2 0.3 0.4 0.5 
Ratio of breadth to depth of beam (b/h) 


Fig. 4.5. Per cent overestimate in ECS of the elastic critical moment of a rectangular 
beam when ignoring factor a. 


For a rectangular section of breadth b, depth h, and [, = (1/ 12)hb?3, Trop can be taken 
to approximately equal 1/3(b)*h (1 — 0.63(b/h)), and inserting these relationships in 
equation (4.6a) the elastic critical moment can be written as: 


” (bh) y/ Eo,osGo.0s ((1 = 0.63(b/h))/(1 — (b/h)?)) 
y,crit = 60 


(4.6b) 


where Eo,5 is the 5th-percentile value of the modulus of elasticity parallel to the grain 
and Go,os5 is the 5th-percentile value of the shear modulus. 

For all practical sizes of solid timber beam, the factor ((1 — 0.63(b/h))/( — 
(b/ h)))°> (referred to as factor a) is less than unity and will only influence the buck- 
ling strength by a small percentage. This is shown in Figure 4.5 where the effect of 
deleting the function, expressed as a percentage of the buckling strength, is plotted over 
a practical range of beam breadth to depth ratios. It is seen that the elastic buckling 
strength will be overestimated by 3-6% and the maximum value will occur when the 
breadth to depth ratio is between 0.3 and 0.4. 

In EC5 factor a is ignored for solid rectangular timber softwood beams and the 
elastic critical moment becomes: 


1 (b°h),/Eo,05Go,0s 


6£ 


(4.7a) 


y,crit = 
For solid rectangular sections made with hardwood, LVL (or glued-laminated timber), 


in ECS the full torsional rigidity is retained but function (1 — (b/h)?) in factor a is 
ignored so that the elastic critical moment relationship for these materials is: 


b 
ni] EoasGue (1 — 0.63 ;) 
My crit = 


; 6£ 


(4.7b) 
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When the section modulus about the strong y—y axis is W,, from equation (4.7b) the 
stress in the section will be: 


My Base iene (4.7¢) 
Onc = = So — V.B5— -/C 
crit W, he 0,05 G0,05 h 

Equation (4.7c) relates to a hardwood, LVL (or glued-laminated timber) rectangular 
section beam subjected to a uniform moment at each end and will equate to the solution 
derived from equation (6.31) in EC5. With softwood rectangular sections, the ratio of 
E,05/ Go,os for timber is taken to be approximately 16, and by applying this to equation 
(4.7a), the critical bending stress (i.e. the buckling strength), om crit, of a rectangular 
softwood beam bent about its strong axis can be written as: 


My crit _ 0.78b? 
W, ~~ ihe 


E.05 (4.8) 


Om,crit = 


where E95 is the Sth-percentile value of the modulus of elasticity parallel to the grain, 
b is the breadth of the beam, / is the depth of the beam, ¢ is the design span of the 
simply supported beam between lateral supports at the ends of the beam, W, is the 
section modulus of the beam about the y—y axis. 

Equations (4.7a) and (4.7b) are only valid for a pure moment condition applied to a 
simply supported beam where the beam ends are prevented from moving laterally, are 
free to rotate in plan, and are fully restrained against torsional rotation. For situations 
where different end fixing conditions exist and moment is induced by other types of 
loading, as well as the cases where load is applied at the compression (or tension) 
face rather than the centroidal axis of the beam, the elastic critical moment can be 
obtained by using the same expression but replacing the design span £ by what is 
termed the ‘effective length’, f.¢, of the beam. The effective length is obtained by 
adjusting the design span to take account of the effect of the change in loading and end 
fixing conditions and values for commonly used cases in timber design are given in 
Table 4.2. 

As it is extremely difficult to achieve full restraint against lateral rotation in plan 
at the ends of a single span beam, with the exception of cantilever beams (where full 
restraint is assumed to exist), all of the other cases given in Table 4.2 assume that the 
beam is fully restrained against torsional rotation but able to rotate in plan at its ends. 

When designing solid softwood rectangular beams, based on the use of the effective 
length of the beam, equation (4.8) can be written as: 


0.78b7 F 
Om,crit = Fe £0.05 (ECS, equation (6.32)) (4.9a) 
ef 
and when designing for hardwood, LVL (or glued-laminated) rectangular beams, equa- 


tion (4.7c) will be as given in (4.9b), which is equivalent to equation (6.31) in ECS: 


My b* b 
Om, crit = — = z E,05 Go,05 (: = 0.637) (4.9b) 
Wy Aber h 


where £,, is the effective length obtained from Table 4.2 for the loading configuration 
being used. 
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Table 4.2 The ratio of the ‘effective length’ to the design span of the beam (incorporating the cases 
in Table 6.1, ECS) 


Beam end condition: 
restrained in position 
laterally; restrained 
torsionally; free to Lop /O* — Lor /E* — 
rotate in plan Applied loading ECS other cases 
Simply supported Constant moment 1.0 
Uniformly distributed load 0.9 
Concentrated load at mid span 0.8 
Point loads at quarter and three quarter points 0.96 
Moment (M) at one end and M/2 in opposite 
direction at the other end 0.76 
Moment (M) at one end and zero moment at 
the other end 0.53 
Fully fixed at bothends Uniformly distributed load 0.78 
Concentrated load at mid span 0.64 
Simply supported and —_ Concentrated load at mid span 0.28 
restrained from lateral 
torsional movement at 
mid span 
Cantilever' Uniformly distributed load 0.5 
Concentrated load at the free end 0.8 


* The ratio between the effective length @e and the design span £ is valid for a beam loaded at its centre of gravity. If the 
load is applied at the compression face of the beam, fe¢ should be increased by 2h (where h is the depth of the beam) 
and, for a load at the tension face of the beam, may be decreased by 0.5h. 

i For this case, at the fixed end the cantilever is restrained laterally in position, restrained torsionally and prevented from 
rotating in plan while free to move laterally and rotate at the other end. 


To link the buckling strength of a beam, Om,crit, to its bending strength, fm, the 
following relationship is used in ECS: 


2 
(Arel,m) Om,crit = Imk 


and is defined in EC5, equation (6.30), as follows: 


(4.10) 


Arel,m = 


where A;e1.m is defined as the relative slenderness for bending. 

Equation (4.10) is only valid when the critical bending stress is less than or equal to 
the elastic limit of the material. Beyond this limit, the relationship has to be modified 
to take account of the effect of inelastic behaviour of the material and to set a minimum 
value for the relative slenderness below which lateral torsional buckling will not arise. 

In ECS a value of Arelm = 0.75 has been adopted as the limit below which the beam 
will be stiff enough not to buckle laterally and for all values less than 0.75 the design 
condition to be met is that the maximum bending stress in the section will not exceed 
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Table 4.3. Value of ki, for beams with an initial deviation from 
straightness no greater than the limits set in ECS, 10.2 


Value of Kerit Value of relative slenderness Arel,m 
1 Aret,m < 0.75 

1.56 — 0.75 Aget.m 0.75 < Arelm < 1.4 

Lees TAS isa 


the bending strength of the member. For this condition, the beam must comply with 
the requirements of 4.5.1.1. 

When Arelm = 1.4 (1.4 is the value at which the ratio of fink /Om,crit is approximately 
equal to 2 and is taken to be the elastic limit of the beam material), the beam is considered 
to fail solely by elastic buckling and the elastic critical bending strength will become the 
design condition. For relative slenderness values between 0.75 and 1.4 the section will 
fail in an inelastic manner and ECS adopts the approximation of a linear relationship 
between relative slenderness and member strength between these limits. 

To take the effect of the reduction in the strength of the beam into account as Ayel.m 
increases, a lateral buckling reduction factor, Kerit, is applied to the design bending 
strength of the beam such that at the ULS the beam strength, i.e. its design buckling 
strength, will be obtained from Kg,it the design bending strength. 

The value of kg,it to be used is given in Table 4.3. 

Where lateral instability effects can occur in beams, the maximum initial mid-length 
deviation from straightness in the beam permitted in Section 10, ECS, is limited to 
£/300 for solid timber and £/500 for LVL (and glued-laminated timber), where € is 
the beam length in mm. The design rules in EC5 for strength validation are considered 
to take the effect of this imperfection into account. 

When Areim < 0.75, the design strength will equate to the bending strength of the 
member, resulting in k,,;, = 1. For behaviour within the linear elastic range of the beam, 
Le. where Omcrit/fm&k < 0.51, failure is solely by buckling and the design strength 
will equal the elastic buckling stress. For this condition, kit relates to the relative 
slenderness ratio as follows: 


1 Om, crit 


Kexit a (4.11) 


At the elastic limit, Om crit/fm,k = 0.51 and when applying this to equation (4.10), 
Arel:m = 1.4. The relationship in equation (4.11) applies for all values of Ayelm > 1.4. 

Equation (4.10) will give the buckling strength of a beam that is perfectly straight; 
however, any deviation from straightness will result in a strength that is lower than 
the value obtained from this equation. By limiting the out of alignment in a beam 
to the maximum values given in ECS, it is to be understood that EC5 considers that 
the buckling strength obtained from equation (4.11) will still be acceptable for design 
purposes. 

When Areim is between 0.75 and 1.4, a linear transition relationship is adopted, 
reducing from the material bending strength when Ayel,m = 0.75, at which kit = 1, to 
the elastic critical strength when Ayel.m = 1.4, at which Kerit = 0.51, as follows: 


Kerit = 1.56 — 0.75 Aret.m (4.12) 
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VN €.2. Kerit = 0.81 when Aretm = 1 


0 05 1 15 2 25 3 35 4 45 5 
Relative slenderness ratio 


Fig. 4.6. The value of k..;, for different values of Ayel.m.- 


The effect of deviation from straightness is also relevant within this range of relative 
slenderness however the adoption of linear behaviour as defined in equation (4.12) is 
a conservative approach and will offset the strength reduction effect arising from this 
imperfection. 

A graphical representation of ki, plotted against the relative slenderness ratio for 
bending, Arei,m, is shown in Figure 4.6. 

To demonstrate that lateral buckling of the beam will not occur, the bending stress 
in the beam must be less than or equal to the reduced bending strength, i.e. 


Om.d < Kerit fma (ECS, equation (6.33)) (4.13) 


where oy, is the design bending stress (i.e. the moment on the section divided by the 
section modulus), fm, is the design bending strength, k,,i, is a factor taking account of 
the reduced bending strength due to lateral torsional buckling. 

The bending strength is derived from the characteristic bending strength in accor- 
dance with equation (4.5), i.e. 


Kmod ? Keys ‘ (Kp ‘ Sm) 


Im,y/z4 = (4.5) 
YM 
Consequently, for bending about the y—y axis the reduced bending strength can be 
written as: 
Kmod : ky s- Kn 
Kerit * Tmy,d = ee ee ” Tm.) (4.14) 
YM 


Knowing the relative slenderness ratio, the value of koi, x characteristic bending 
strength can be derived by calculation or, for the softwood species of timber listed 
in BS EN338:2003 (E) [2], can be obtained from Table 4.4. 

In Table 4.4, values of Ke,it x characteristic bending strength are given for beams with 
relative slenderness ratios between 0.75 and 3.0, which should cover the range likely to 
be used in practical designs. For a strength class of timber, the reduced bending strength 
at a particular relative slenderness ratio is the value given in the column containing 
the material strength class, e.g. for a strength class C18 rectangular timber beam with 
a relative slenderness ratio of 2, the value of k,,i,% characteristic bending strength is 
4.5 N/mm?. At intermediate values of relative slenderness ratio, the result is obtained 
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Table 4.4 The value of k.i, characteristic bending strength tabulated against the relative 
slenderness ratio for bending, A;e1m, for all of the strength classes of softwood given in BS EN 


338:2003 [E] 


Strength class C14 C16 C18 C20 C22 C24 
Characteristic bending 14 16 18 20 22 24 
strength (N/mm7) 

Relative Value Kexit x Sim,k Kerit x Sin,k Kerit x Sink Kerit x Sink Kerit x Sink Kerit x Sink 
slenderness ratio of Kerit_ ~(N/mm7) (N/mm7*) (N/mm7) (N/mm?) (N/mm?) (N/mm?) 
for bending, Arel.m 

Up to 0.75 1.0 14 16 18 20 22 24 

0.8 0.960 13.440 15.360 17.280 19.200 21.120 23.040 
0.85 0.923 12.915 14.760 16.605 18.45 20.295 22.140 
0.9 0.885 12.390 14.160 15.930 17.700 19.470 21.240 
0.95 0.848 11.865 13.560 15.255 16.950 18.645 20.340 
1.0 0.810 11.340 12.960 14.580 16.200 17.820 19.440 
1.1 0.735 10.290 11.760 13.230 14.700 16.170 17.640 
1.2 0.660 9.240 10.560 11.880 13.200 14.520 15.840 
1.3 0.585 8.190 9.360 10.530 11.700 12.870 14.040 
1.4 0.510 7.140 8.160 9.180 10.200 11.220 12.240 
1.5 0.444 6.222 TALL 8.000 8.889 9.778 10.667 
1.6 0.391 5.469 6.250 7.031 7.813 8.594 9.375 
1.7 0.346 4.844 5.536 6.228 6.920 7.612 8.304 
1.8 0.309 4.321 4.938 5.556 6.173 6.790 7407 
1.9 0.277 3.878 4.432 4.986 5.540 6.094 6.648 
2.0 0.250 3.500 4.000 4.500 5.000 5.500 6.000 
2.1 0.227 3.175 3.628 4.082 4.535 4.989 5.442 
22; 0.207 2.893 3.306 3.719 4.132 4.545 4.959 
23 0.189 2.647 3.025 3.403 3.781 4.159 4.537 
2.4 0.174 2.431 2.778 3.125 3.472 3.819 4.167 
25 0.160 2.240 2.560 2.880 3.200 3.520 3.840 
2.6 0.148 2.071 2.367 2.663 2.959 3.254 3.550 
2.7 0.137 1.920 2.195 2.469 2.743 3.018 3.292 
2.8 0.128 1.786 2.041 2.296 2,551 2.806 3.061 
2.9 0.119 1.665 1.902 2.140 2.378 2.616 2.854 
3.0 0.111 1.556 1.778 2.000 2.222 2.444 2.667 
Strength class C27 C30 C35 C40 C45 C50 
Characteristic 27 30 35 40 45 50 
bending strength 

(N/mm?) 

Relative Value Kerit x Sink Kerit x Sin.k Kexit x Smk Kexit x Fim.k Kerit x Sin,k Kerit x Sin,k 
slenderness ratio of Kerit_ ~(N/mm7) (N/mm7*) (N/mm7) (N/mm?) (N/mm?) (N/mm?) 
for bending, Arel.m 

Up to 0.75 1.0 27 30 35 40 45 50 

0.8 0.960 25.920 28.800 33.600 38.400 43.200 48.000 
0.85 0.923 24.908 27.675 32.288 36.900 41.513 46.125 
0.9 0.885 23.895 26.550 30.975 35.400 39.825 44.250 
0.95 0.848 22.883 25.425 29.663 33.900 38.138 42.375 
1.0 0.810 21.870 24.300 28.350 32.400 36.450 40.500 
1.1 0.735 19.845 22.050 25.725 29.400 33.075 36.750 
1.2 0.660 17.820 19.800 23.100 26.400 29.700 33.000 
1.3 0.585 15.795 17.550 20.475 23.400 26.325 29.250 
1.4 0.510 13.770 15.300 17.850 20.400 22.950 25.500 


(continued ) 
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Table 4.4 (continued ) 


Strength class C27 C30 C35 C40 C45 C50 
Characteristic 27 30 35 40 45 50 
bending strength 
(N/mm7*) 
Relative Value Kerit x fim,k Kexit x Smk Kerit x tmk Kerit x fim,k Kexit x fim Kexit x Jin,k 
slenderness ratio of Keri, ~ (N/mm?) (N/mm?) (N/mm?) (N/mm?) (N/mm?) (N/mm?) 
for bending, Arel.m 
1.5 0.444 12.000 13.333 15.556 17.778 20.000 22.222 
1.6 0.391 10.547 11.719 13.672 15.625 17.578 19.531 
ep 0.346 9.343 10.381 12.111 13.841 15.571 17.301 
1.8 0.309 = 8.333 9.259 10.802 12.346 13.889 15.432 
1.9 0.277 = 7.479 8.310 9.695 11.080 12.465 13.850 
2.0 0.250 6.750 7.500 8.750 10.000 11.250 12.500 
2.1 0.227. = 6.122 6.803 7.937 9.070 10.204 11.338 
2.2 0.207. = 5.579 6.198 7231 8.264 9.298 10.331 
2.3 0.189 5.104 5.671 6.616 7.561 8.507 9.452 
24 0.174 4.688 5.208 6.076 6.944 7.813 8.681 
2.5 0.160 4.320 4.800 5.600 6.400 7.200 8.000 
2.6 0.148 3.994 4.438 5.178 5.917 6.657 7.396 
2.7 0.137 3.704 4.115 4.801 5.487 6.173 6.859 
2.8 0.128 3.444 3.827 4.464 5.102 5.740 6.378 
29 0.119 3.210 3.567 4.162 4.756 5.351 5.945 
3.0 0.111 3.000 3.333 3.889 4.444 5.000 5.556 
by linearly interpolating between the values in the table immediately above and below 
the required value. 

Lateral restraint can be provided by blocking or strutting the beam at positions along 
its length, as illustrated in Figure 4.7, and for these situations the effective length will 
be based on the beam length between adjacent blocking/strutting positions. Where 
the beam is supported laterally along the length of its compression flange, e.g. due to 

(a) Solid blocking (b) Skewed blocking 


(c) Herring bone strutting (bridging) 


Fig. 4.7. Examples of the provision of lateral support. 
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= ue >= Mg 


(a) Tensile stresses at notch (b) Compressive stresses at notch 


Fig. 4.8. Notch subjected to bending. 


4.5.1.3 


flooring structure secured to the compression flange, and the beam is relatively rigid 
across its depth (e.g. a solid timber beam), it can be considered to be fully restrained 
and Kyi, will be unity. The lateral restraint must provide adequate strength and stiffness 
to the beam and guidance on these requirements is given in Chapter 9. 


Bending of notched members 
When members are notched, stress concentrations can arise at the notch position and, 
depending on the stress condition, the effects have to be taken into account in the 
design. 

For members having a notch and subjected to bending, as stated in EC5, 6.5.1(2), 
the stress concentration effect can be ignored when: 


(i) bending will result in tensile stresses at the notch and the slope at the notch is 
less than 1:10, i.e. tana < 0.1 (see Figure 4.8a); 
(ii) bending will result in compressive stresses at the notch (see Figure 4.8b). 


Where a beam has a rectangular cross-section, its grain runs essentially parallel to the 
member length and there is a notch at the support, the effect of stress concentrations 
has to be taken into account and this is considered in 4.5.2.1. 


See Examples 4.8.2 and 4.8.3. 


4.5.2 Shear 


When a beam is loaded laterally and subjected to bending, shear stresses will also arise. 
In accordance with elastic bending theory, shear stresses will be generated parallel to the 
longitudinal axis of the beam and, to achieve equilibrium, equal value shear stresses will 
be generated in the beam perpendicular to the longitudinal axis as shown in Figure 4.9a. 

The value of the shear stress at any level in the cross-section of a beam, as derived 
from elastic theory, is 


_vs 


a5 (4.15) 


where Tt is the shear stress at the required level, V is the shear force at the position 
being considered, S is the first moment of the area above the shear stress level about 
the neutral axis, J is the second moment of area of the cross-section about the neutral 
axis, b is the width of the cross-section at the shear stress level. 
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4.5.2.1 


i Shear force, V y 


a he 


h r 6, 
a ne 
ttt p 


Shear force, V 


Shear stress 
components 


(a) A shear component parallel to the (b) Both shear components perpendicular 
grain to the grain (rolling shear situation) 


Fig. 4.9. Shear stress components in a member: (a) a shear component parallel to the 
grain; (b) both components perpendicular to the grain (rolling shear). 


At any position along the beam the shear stress at the top and bottom faces of the 
cross-section will be zero and the maximum shear stress will arise at the neutral axis 
position. For a rectangular section of width b and depth h the maximum shear stress 
will occur at mid-depth and will be: 


3V 

T= —— 

2bh 

The limit state for shear design is the ULS and the requirement in ECS is that for shear 


with a stress component parallel to the grain or where both shear stress components 
are perpendicular to the grain (e.g. rolling shear), as shown in Figure 4.9b, 


(4.16) 


Ta < fvd (ECS, equation (6.13)) (4.17) 


where f, 4 is the design shear strength for the condition being investigated, i.e. 
Figures 4.9a or 4.9b. 

When deriving the shear strength of members subjected to bending, the assumption 
is made in ECS that the influence of cracks in members is ignored. In the proposed draft 
amendment summarised in Appendix C, 6.1.7, a revision is included to take account 
of the influence of cracks in timber, LVL (glulam) and wood-based products on shear 
resistance. The UKNA to EC5 will determine the requirements for this change. 


Shear stress with a stress component parallel to the grain 

For a rectangular cross-section beam of breadth b and depth h with a shear stress 
component parallel to the grain, as shown in Figure 4.9a, the validation requirement 
for the design shear stress, Tg, will be as follows: 


(a) For a beam without a notch (as shown in Figure 4.10a): 
_ 3Va 
~ 2bh 
Ta < fa (ECS, equation (6.13)) (4.17) 


Ta (4.16) 
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(a) Without a notch (b) With a notch 


Fig. 4.10. Rectangular beams without a notch at a support (a) and with a notch on the opposite side 
to the support (b). 


(b) For a beam notched on the opposite side to the support (as shown in 
Figure 4.10b): 


3Va 
= 4.1 
Oph (4.16a) 
Ta =v fa (EC5, equation (6.60)) (4.17) 


(c) For a beam with a notch on the same side as the support (as shown in 
Figure 4.11): 


3Vq 
= 4.1 
Td Wher (4.16a) 
Ta=hy fu (EC5, equation (6.60)) (4.17) 


In the above cases, 


e V4 is the design shear force acting on the beam. In determining the design shear 
force, the contribution made by any loading acting on the top face of the beam 
without a notch and within a distance of h from the edge of the support may be 
ignored due to the effect of the bearing stress (Figure 4.10a). This also applies 


—_ WAUWULLTUULL 
a se 
a's i(h-hes) > 


Fig. 4.11. Beams with an end notch. 
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to beams with a notch on the opposite side to the support where the contribution 
within a distance of her from the edge may be ignored (Figure 4.10b). No reduction 
is permitted when the notch is on the same side as the support (Figure 4.11). 
¢ fva is the design shear strength and is defined as: 
kmodksys fv,k 
YM 
where kmoa, Ksys. Ym are as described in Section 4.5.1.1 and 


fia = (4.18) 


Jv.x is the characteristic shear strength. The strength is based on the shear 
strength parallel to the grain (as this is smaller than the shear strength per- 
pendicular to the grain) and for softwood has in general been derived from 
the bending strength of the species, being the minimum of 3.8 N/mm? or 
0.2( fais where fm x is the characteristic bending strength of the tim- 
ber [2]. Values for the shear strength of timber and wood-based structural 
products are given in Chapter 1. 

k, is a factor that takes account of the effect of a notch in the beam. Stress 
concentrations are generated by a notch, and from the application of linear 
elastic fracture mechanics combined with experimental testing, values for 
the factor have been derived to remove the risk of beam failure due to the 
effect of crack propagation. For beams with a notch, EC5, 6.5.2, requires 
the following: where the notch is on the opposite side to the support (see 
Figure 4.10b), k, = 1.0; where the notch on the same side as the support (see 
Figure 4.11), k, is the lesser of: 


ie ka (1+ 1.17"5/Vh) 
© Vk (Ja =a) + 0.83 / = @) — a2) 


where: 
i is the inclination of the notch and is 0 for a right angle notch, 
h is the beam depth in mm, x is the distance from the centroid of the support 
reaction to the corner of the notch in mm, 
k, is a factor that equals 4.5 for LVL, 5.0 for solid timber (6.5 for glued- 
laminated timber): 

Neg 


=>: 


h 


and ky=1 (4.19) 


4.5.2.2 Shear stress with both stress components perpendicular to the grain (rolling shear) 
For a rectangular section with both shear stress components perpendicular to the grain, 
where the design shear force, Vu, is applied over length b, as shown in Figure 4.12, the 
validation requirement for the design shear stress, Tq, will be: 


3Vaq 
= 4.2 
4 Doh G20) 
Ta < fva (EC5, equation (6.13)) (4.17) 
where fq is the design shear strength of the member and is defined as 
Kmodks sJv.k 
ha=—— (4.21) 


YM 
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(a) Rolling shear situation (b) Form of deformation 


Fig. 4.12. Shear stress with both stress components perpendicular to the grain (rolling shear 
condition). 


where kmoa, Ksys, Ym are as described in 4.5.1.1 and f,,, is the characteristic shear 
strength based on the shear strength across the grain (the rolling shear strength). The 
rolling shear strength, also referred to as the planar shear strength, is approximately 
equal to twice the tension strength perpendicular to the grain and values for timber and 
wood-based structural products are given in Chapter 1. 


See Examples 4.8.2 and 4.8.3. 


4.5.3 Bearing (compression perpendicular to the grain) 


Although wood is an anisotropic material, when used for structural purposes it is 
assumed to be orthotropic. This means that it is presumed to have directional properties 
in three mutually perpendicular (orthogonal) axes. The orthogonal axes are aligned with 
the grain direction (L), the radial direction (R) and the tangential direction (7) as shown 
in Figures 4.13a and 4.13b. 

The properties of the wood along the direction of the LZ axis are referred to as 
properties parallel to the grain, and because of the direction of its cellular structure, 
the properties associated with this axis are considerably stronger and stiffer than 
equivalent properties associated with the R and T axes. When loaded in the R or T 


L 
A 


Wood trunk 


(a) Axes related to tree trunk (b) Axes related to cut wood 


Fig. 4.13. Principal axes of wood. 
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directions, the cellular structure is compressed in its weakest directions and although the 
values of the respective properties in each direction are not the same, the differences are 
small and for practical design purposes these properties are treated as one group. Prop- 
erties in the R and T directions are referred to as properties perpendicular to the grain. 

The symbols used in ECS for compressive strength properties parallel and perpen- 
dicular to the grain are as follows: 


Oc,0,k: Characteristic compressive strength parallel to the grain. 
Oc,90,k: Characteristic compressive strength perpendicular to the grain. 


The subscripts: 


c(ort) refers to the type of stress (c — for compressive; t — for tensile). 

0 (or 90) refers to the direction of the applied stress relative to the grain direction 
(O—parallel to the grain direction; 90 — perpendicular to the grain direction). 

k (or d) refers to the nature of the stress (k — characteristic strength; d — design 
strength). 


When timber is compressed perpendicular to the grain the wood fibres, which can in 
principle be likened to a bundle of narrow thin-walled tubes loaded laterally, withstand 
increased loading as they are squeezed together and as they start to collapse the rate of 
load increase reduces. This behaviour continues until the fibres are fully squashed and 
as the wood is strained beyond this stage the sustained load will continue to rise until 
eventually failure occurs, usually by shearing across the grain. The strain in the wood 
can exceed 30% and failure may still not arise. To control deformations at the failure 
condition, BS EN 1193 [3] requires the compression strength of timber perpendicular 
to the grain to be determined using a 1% strain offset. However, where the bearing width 
extends over the full width of the member, depending on the position of the bearing 
area, the bearing length and the member depth, this strain limit can be exceeded and 
the rules in ECS allow the bearing strength to increase by up to a factor of 4. At this 
value, the strain will be of the order of 10% and the effect of the associated increase in 
deformation at the bearing on the structure must be taken into account in the design. 
Examples of bearing effects (failures) are illustrated in Figure 4.14. 
For compression perpendicular to the grain the condition to be met is: 


Oc,90,d S ke,90 fc,90,d (ECS, equation (6.3)) (4.22) 


Here o, 90,4 is the design compressive stress perpendicular to the grain = Vy/bi, where 
V4 is the design bearing force, b is the bearing width, and ¢ is the bearing length. f,,90,4 
is the design compressive strength perpendicular to the grain and is defined as: 


Kmod 2 Keys r Sc,90,k 
YM 

where kmoa, Ksys, YM are as defined in 4.5.1.1 and: 

Sc,90,k is the characteristic compressive strength perpendicular to the timber grain. 
Values for the compressive strength of timber and wood-based structural products are 
given in Chapter 1. 

ke.99 is a factor that takes into account how the loading is being applied, the risk of 
the member splitting and the strain deformation of the member. The value normally 
used for k¢,99 is 1.0 but higher values can be adopted if certain conditions apply. Where 


Se,90,d = (4.23) 
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(a) Bearing over a rigid support at beam (b) Bearing over a rigid support along beam length 
end 


a 
lied ao 
7 iA 1 


(c) Bearing under a concentrated load at (d) Bearing under a concentrated load along beam 
beam end length 


Fig. 4.14. Bearing (compression) failure perpendicular to the grain. 


contact extends over the full member width, and the support conditions are in line with 
the requirements given in ECS, the value can be increased up to a maximum of 4.0, but, 
as previously stated, at this value the compressive deformation will be approximately 
10% of the member depth and must be taken into account in the design. 

For the case where a beam of breadth b and depth h rests on isolated supports or 
where a member is supported continuously, the factor is calculated as described in the 
following sections. Other types of bearing conditions are given in EC5, 6.1.5. 

In the proposed draft amendment to EC5, summarised in Appendix C, 6.1.5, a major 
change is proposed for the validation of compression strength perpendicular to the 
grain. The proposal simplifies the design procedure given in EC5 and will remove the 
option to be able to design for a large compressive strain condition. 


4.5.3.1 Bearing stress when the member is resting on supports 
Consider a beam to be supported as shown in Figure 4.15: 


(i) When the distance from the end of the beam to the face of the support, a, is 
< h/3, 


£ h 
ke.90 = (228 = =) (: 2 =) (ECS, equation (6.4)) (4.24) 


(ii) When a > A/3 and at internal supports, 


h 
ke.90 = (238 = =) (: r =) (ECS, equation (6.5)) (4.25) 


where ¢ is the contact length of the bearing surface in mm. 
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4.5.3.2 
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Fig. 4.15. Beam on supports. 


For other types of bearing conditions the requirements are given in ECS, 6./.5(4) 
to 6.1.5(7), and some of the more common conditions are covered in the following 
sections. 


Bearing stress when the member is resting on a continuous support 
Where the member has continuous support along its length and across its full width 


and has a ratio of h/b < 2.5: 


(i) For a member loaded with a concentrated compressive force applied over the 


full width b of the member that is directly over a continuous support on the 
opposite face and adjacent to the end of the member as shown in Figure 4. 16a, 


esi sen Ve) (4.26) 
dam (i 250) \ ¢ 


where the stress distribution line is assumed to have a vertical inclination of 
1:3 over the depth and must have a clear distance of €,/4 from any adjacent 
compressed area as shown in Figure 4.16a. On this basis, 


h 
lep =L+ 3 (4.27) 


and where h is less than 40 mm, a value of 40 mm must be used. 


(ii) For a member with a concentrated compressive force applied over its full width 


b and which is directly over a continuous support on the opposite face and at a 


<— Cer >| 


kK >0,/4 Lo 


2a/2 | 


(b) 


Fig. 4.16. Bearing stress in a beam on a continuous support with h/b > 2.5. 
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distance a > 2/3h from the end of the member, as shown in Figure 4.16b, the 
conditions stated in 4.5.3.2(i) together with equation (4.26) will still apply but 
£.¢ will be as follows: 


2h 
lep = e+ 3 (4.28) 


where h is taken to be the greater of h or 40 mm. 


See Examples 4.8.2 and 4.8.3. 


4.5.4 Torsion 


When a member is subjected to torsion, shear stresses are generated across its section 
and from elastic theory, for solid sections, it can be shown that when the member is 
subjected to a torsional moment, 7, the maximum torsional stress, Tior, and the angle 
of twist per unit length of the member, /£, will be as follows: 

For a circular section 


2T 
tor =—— (4.29) 
u-r 
v 2T 
ane 4.30 
£ a-rG oe) 


where r is the radius of the cross-section of the member and G is the shear modulus 
of the material. 
For a rectangular section 


T 
Ttor = kyhb? (4.31) 
ees aan (4.32) 
C k,hb3G 


where b and h are the cross-sectional sizes of the member and h is the larger dimension. 
The constants k; and ky have been determined by Timoshenko and Goodier [4] and are 
given in Table 4.5 for varying ratios of h/b. 

For solid rectangular sections, where h/b > 1.5, k; can be approximated to: 


ne 1 — 0.63 4.33 
nso) ih 


and when h/b > 2.5, factor k, which equals k;/k2 can be taken to be unity. It is to be 
noted that at this ratio the shear stress will be overestimated by approximately 3.5% 
and when the ratio is 5 the overestimate will have reduced to effectively zero. 

The value of k and k, is obtained from the relationships given in equation (4.34), 
derived from functions in [4]: 


CO 
1 
a sovasr Win oe 
mr ee n2 cosh(nhz /2b) 


1 192 b = 1 nih 


n=1,3,5... 7 


124 Structural Timber Design to Eurocode 5 


Table 4.5 Stress (k,) and rotation (kz) factors based on equations from Timoshenko and 


Goodier 

h/b k ky ky = 4 
1.0 0.675 0.1406 0.208 
1.2 0.759 0.166 0.219 
1.3 0.793 0.177 0.223 
1.5 0.848 0.196 0.231 
1.7 0.888 0.211 0.237 
2.0 0.930 0.229 0.246 
2.5 0.968 0.249 0.258 
3.0 0.985 0.263 0.267 
4.0 0.997 0.281 0.282 
5.0 0.999 0.291 0.291 
6.0 0.9999 0.298 0.298 
8.0 1.000 0.307 0.307 

10.0 1.000 0.312 0.312 

0° 1.000 0.333 0.333 


Equation (4.32) applies where the member is free to rotate under the applied torsional 
moment, as will be the case with statically determinate structures. When dealing with 
statically indeterminate structures, however, depending on the configuration of the 
member within the structure, the detailing of the end joint(s), the effect of semi-rigid 
behaviour at the connections etc., the rotation of the member may be less than that 
derived from equation (4.32), and in such cases the torsion stress will be smaller than 
the stress obtained from equation (4.31). 

The limit state for torsion is the ULS and the EC5 design requirement, given in ECS, 
6.1.8, is: 


Ttor,d < Kshape fv,d (ECS, equation (6.14)) (4.35) 


Here Tior,q is the design torsional stress derived from equations (4.29) or (4.31) for 
circular and rectangular sections, respectively, when subjected to a design torsional 


moment Ty. 
Jva is the design shear strength as defined in 4.5.2.1, i.e. 
kmo kg SUV 
p= is (4.18) 


YM 


where the factors and functions are as described in 4.5.2.1: 

Kshape 1s from research by Mohler and Hemner, referred to by Aune in STEP 1 [5]; 
torsional shear strength is greater than direct shear strength and in ECS this is taken 
into account by applying this shape factor to the design shear strength. The value of 
the factor is given in ECS, equation (6.15), as follows: 


1.2 for a circular section 
Kshape = st (; + 0.15(h/b) (4.36) 


20 ) for a rectangular cross-section 


h is the larger cross-sectional dimension. b is the smaller cross-sectional dimension. 
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4.5.5 Combined shear and torsion 


ECS only addresses members subjected to shear or to torsion but not to a combination 
of shear and torsion. 

When a member is subjected to combined torsion and shear, the respective torsional 
and direct shear stresses will combine and the section must be designed for the resulting 
maximum shear stress condition. Limited research has been carried out on this com- 
bined stress condition and using the torsional strength relationship in equation (4.35) 
it is proposed in STEP 1| [5] that the following failure criterion may be taken to apply: 


2 
Ttor,d Td 
a4 (Ba) oy (4.37) 
K shape Sv,d (=) 


where the functions are as described in 4.5.2.1 and 4.5.4. 

Equation (4.37) assumes an element of stress redistribution, increasing the combined 
shear resistance of the section. As an alternative, a more conservative approach can 
be adopted in which the respective shear stresses are added linearly and the failure 
criterion will be: 


Ttor,d Ty,d < 1 (4.38) 
K shape va iva 


Torsional shear stresses will not interact with bending, compression, tension or bearing 
stresses and when acting in members also subjected to such stresses the torsional shear 
stress condition need only be checked for compliance with equation (4.35). 


4.6 DESIGN FOR SERVICEABILITY LIMIT STATES (SLS) 


At the SLS, members must be shown to behave satisfactorily when in normal use and 
the primary requirements to be checked are deflection and vibration behaviour. 

For these states, as stated in 2.2.20.2 and 2.2.25, the partial factors for actions, yg 
and yg, and the partial material factor, yy, are to be taken as unity. 


4.6.1 Deformation 


4.6.1.1 Deformation due to bending and shear 

ECS requires that the deformation of a beam must be such that the facility it supports 
will be able to function as designed, that there will be no adverse visual effects, no 
structural implications (e.g. there will be no damage to non-structural elements due to 
deformations) and services must be able to function satisfactorily. 

The deformation of a timber or wood-based structural beam is made up of several 
components and when subjected to the SLS design loading the limiting values of these 
components are shown in Figure 4.17, where the symbols used in ECS are as follows: 


we. _ is the precamber, where used. 
Winst 18 the instantaneous deformation; i.e. the deformation that is permitted 
immediately under the action of the design load. 
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Table 4.6 Guidance on limiting values for vertical deflection given in Table 7.2 of ECS and NA.2.5 
of the UKNA to ECS 


Document Element Winst Wein Wnet, fin 

ECS Table 7.2 Beam on two supports £/300to €/500 €/150 to £/300 £/250 to €/350 
Cantilever beam £/150 to €/250  €/75to£/150 = £/125 to £/175 

UKNA to ECS, NA.2.5 

Roof or floor members Beam between two £/250 

with a plastered or supports 


plasterboard ceiling 
Cantilever beam £/125 


Roof or floor members Beam between two £/150 
without a plastered or —_ supports 
plasterboard ceiling 


Cantilever beam £/75 


Note: € is the beam span or the length of the cantilever. 


Wereep 18 the creep deformation; i.e. the deformation that is permitted to arise with 
time under the combination of loading causing the creep behaviour. 

Wyn 1S the final deformation; i.e. the combination of the instantaneous and the 
creep deformation. 

Wnet,fin 1S the net final deformation; i.e. the deformation below the straight line joining 
the supports. 


The net final deformation can be written as 

Wnet,fin = Winst + Wereep — We (4.39) 
or 

Whet,fin = Whin — We (4.40) 


To prevent the occurrence of unacceptable damage arising due to excessive deflections 
as well as to meet functional and visual requirements, deflections have to be specified 
for the project and agreed with the client. Recommended ranges of limiting values for 
the deflection of simply supported beams and cantilevers are given in 7.2(2) of EC5 
and specific values are given in NA.2.5 of the UKNA to ECS [6] for Whet,fin. A Summary 
of these requirements is given in Table 4.6. 


Vv 

i T 
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Whet, fin | 
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Fig. 4.17. Components of deflection (based on Figure 7.1 in ECS). 
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In EC5, the design loading used to determine displacements at the SLS is based 
on the characteristic combination of actions and is discussed in 2.2.25.2. With the 
characteristic combination of actions, the design is based on an irreversible SLS, which 
means that no consequences of actions exceeding the specified SLS requirements can 
remain when the actions are removed. 

The terminology used in ECS to describe the actual displacement in a structure is 
the same as that used in Figure 4.17 for the limiting displacement but with the letter 
w replaced by u. The components of deformation are described in 2.3.2, and adopting 
the ECS approach the instantaneous deflection (uins:) and the final deflection (u,) of a 
structural member will be obtained as follows: 


(i) The instantaneous deflection uins, of a solid member acting alone should be 
calculated using the characteristic combination of actions (equation (2.24)), 
the appropriate mean value modulus of elasticity parallel to the grain, Eo mean 
and/or the mean value shear modulus, Gmean. The relationship between Gynean 
and Eo mean iS taken to be Gmean = Eo,mean/16 for timber and values of these 
properties for timber and other wood-based structural products are given in 
Chapter 1. 

(ii) The final deformation uw, is obtained by combining the instantaneous deflec- 
tion derived from (1) and the creep deflection and the method used will be in 
accordance with the requirements of 2.3.4.1(b) where the structure has a linear 
elastic behaviour and consists of members, components and connections having 
the same creep behaviour or 2.3.4.1(c) where this is not the case. For the case 
where 2.3.4.1(b) applies, and assuming that a pre-camber is not used, as stated 
in 2.3.2, the final displacement will be as follows. 


For permanent actions, G: 

Usfin,G = Uinst,G + Ucreep,G = Uinst,g( + Keer) (4.41) 
For the leading variable action Q,: 

Ufin,O,1 = Uinst,Q,1 + Ucreep,O,1 = Uinst,g,1C1 + Wokder) (4.42) 


For the accompanying variable actions, Q;, where i > 1: 


Ufn,O,i = “inst, Q,i +r Ucreep,Q,i = Uinst,o,i W0,i a W2,ikaer) (4.43) 
And the final condition will be: 
n 
Ufin = Using + Usin,g, + Sa Ufin, O,i (4.44) 
i=2 


where the functions and symbols are as described in 2.2.14, 2.2.24 and 2.3.2. 

Creep in wood arises due to the combined effects of load duration, moisture content, 
temperature and stress level. Provided the temperature does not exceed 50°C the influ- 
ence of temperature on creep can be ignored and when the stress level in the wood is 
at the SLS condition it has also been found that the rate of creep due to this effect will 
stabilise. For these reasons, the creep deformation caused by moisture content and load 
duration effects derived using the factors in ECS is only relevant to the SLS loading 
condition. 
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4.6.1.2 


As the duration of the load extends and also as the moisture content rises, the creep 
deformation of structural elements will increase and from the results of creep tests, 
values of a deformation factor, kgep (which is a factor that is used in the determination 
of creep deformation), have been derived for timber and wood-based materials under 
service class 1, 2 and 3 conditions. Values of the factor are given for timber and some 
wood-based products in Table 2.10 and the methodology used for the calculation of 
the final deformation of a structure (or a structural element) is explained in 2.3.2. 

When a member is subjected to bending by shear forces, in addition to deformation 
due to the effect of the bending moment it will also deform due to the effect of the shear 
forces, and the significance of the shear deformation will primarily be a function of the 
ratio of the modulus of elasticity Eo, mean of the member to its shear modulus Gyean. 
Consider, for example, a simply supported rectangular beam of depth A and design 
span £ carrying a point load at mid-span. The ratio of the instantaneous deflection at 
mid-span caused by the shear forces, iinst,y, to the instantaneous deflection at mid-span 
caused by the bending moment, Uinst,m, Will be: 


Uinst,v E,mean h ° 
=12 (4.45) 


Uinst,m Gimean L 


For structural steel, the ratio Eo mean/Gmean 18 approximately 2 and consequently 
in steel design when using normal sections, the shear deformation effect is generally 
ignored. With timber, however, Eo, mean/Gmean iS approximately 16 and for practical 
beam design, h/£ will range between 0.1 and 0.05 resulting in a shear deformation 
between 5 and 20% of the flexural value. As this is a significant percentage, the effect 
of shear deformation must be taken into account when designing timber structures. 

Shear deformation can be expressed in terms of the flexural deflection multiplied 
by a shear amplification factor, and the value of the factor associated with a simply 
supported rectangular beam of width b, depth h and design span ¢ for some standard load 
cases is given in Table 4.7. The combined shear and flexural deflection in the beam 
for the selected load case is obtained by multiplying the bending deflection by the 
accompanying shear amplification factor. Approximate values for shear amplification 
factors for other beam configurations are also given in NA.2.6.2 of the UKNA to ECS. 


See Examples 4.8.2 and 4.8.3. 


Deformation due to compression over supports 

When the bearing stress factor, k,99, referred to in 4.5.3, is unity at a support ina member 
the bearing strain will be approximately 2—3% and deflection due to compression of 
the member at its supports at the SLS condition can be ignored. If, however, at the 
ULS a high value of k,.99 is required to achieve the required bearing strength, the 
strain could be as high as 10% and the additional deformation caused by compression 
at the bearing locations in such situations at the SLS must be taken into account in 
the design. 

In the proposed draft amendment to EC5, summarised in Appendix C, 6.1.5, the 
effect of the proposed change will mean that high compressive strains perpendicular to 
the grain will not arise and there will be no need to consider compression deformation 
at supports for normal design conditions. 
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Table 4.7 Bending deflection and shear amplification factors for standard load cases on simply 
supported or cantilevered beams of rectangular cross-section 


beam 


Load case Bending deflection (mm) Shear amplification factor 
Uniformly distributed load (udl) At mid-span = ai (1 + 0.96 (ga a) (4)’) 


equal to a total load Q (KN) along 
the length of a simply supported 


Point load P (KN) at mid span ofa At mid-span= j-2—;(f)' (1+ 1.20 (22m) (#)") 
simply supported beam ™ 


Go,mean 


Point load P (KN) at the end of a At the end of the cantilever (1 +0.3 (ae mean ) (4)’) 
. _ 4P £ mean 
cantilever = (;) 
Point load P (KN) at the quarter and At mid-span = 35 a : =F (a (1 + 0.873 (fa wt) (4)’) 


three quarter points of a simply 
supported beam 


Point load P (KN) at the quarter, At mid-span = =? (y (1 + 1.011 ( 0, Gunes ) (4)’) 
mid span and three quarter points of 
a simply supported beam 


32E0,meanP Go,mean 


Note: Eo,mean is the mean modulus of the beam material parallel to the grain (in kN/mm”); Go,mean is the mean shear 
modulus (in kN/mm?); b is the member breadth (in mm); h is the member depth (in mm); £ is the design span (in mm). 


4.6.2 Vibration 


4.6.2.1 


The human body is extremely sensitive to vibration, and compliance with the criteria 
given in ECS, which relates to the design requirements of wood-based structural floors 
in residential property, will ensure that the vibration behaviour of the structure is kept 
within an acceptable zone when subjected to the SLS loading condition. 

Human sensitivity to vibration is a complex subject and from research into human 
discomfort it has been concluded that the major factors influencing a person’s view on 
the acceptability, or otherwise, of vibration are as follows: 


e Discomfort due to machine-enforced vibrations 
e Discomfort due to footstep-enforced vibrations 
e Proximity to and transfer of the vibration. 


The effect of these factors can be reduced to acceptable levels by design and by ap- 
propriate detailing of the structure as well as non-structural elements. In regard to the 
specific design requirements, design criteria are given in ECS, and in particular, in the 
UKNA to ECS, and these are discussed in the following sub-sections. 


Machine-enforced vibrations 

Structural vibrations arising from machinery can affect human sensitivity, and accept- 
able levels of continuous vibration due to vibrating machinery will be obtained from 
ISO 2631:2 [7]. Where the machine vibration exceeds the acceptable level, the most 
common way to deal with the problem is to either isolate the machine foundations 
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4.6.2.2 


from the structure or to install anti-vibration mountings between the machine and the 
structure, detuning the structural response. This will normally involve an analysis of 
the dynamic behaviour of the structure, and because of the specialist nature of the 
problem, it is not addressed in ECS. 


Footstep (footfall) induced vibrations 
This is a matter that has been the subject of investigation for some considerable time 
and over this period the criteria set for the boundaries of the problem have tended to 
change. The design requirements in ECS relate solely to residential floors having a 
fundamental frequency greater than 8 Hz. Floors with a fundamental frequency less 
than 8 Hz require special investigation, and are not covered in the code. 

ECS requires that the fundamental frequency of the residential floor be greater than 
8 Hz and for a rectangular floor with overall dimensions ¢ x b, simply supported along 
four sides and with timber beams spanning in the ¢ direction, the approximate value 
of the fundamental frequency, 1, can be calculated from equation (4.46): 


~ 202V om 


fi 
Where: 


(ECS, equation (7.5)) (4.46) 


e £is the design span of the floor beams (in metres). 

e (El); is the equivalent flexural rigidity of the floor supporting structure about an 
axis perpendicular to the direction of the beam span, in N m?/m. Unless the floor 
decking is designed to act with the floor beams as a composite structure in the 
direction of the beam span (e.g. in the case of thin flanged composite beams), 
(ED)¢ should only be based on the flexural rigidity of the floor beams. Composite 
action between the floor decking and the timber joists can only be assumed to 
occur where the floor decking is glued to the joists and designed in accordance 
with 9.1.2, ECS and noting that the adhesives must comply with the requirements 
of 3.6 and 10.3 in ECS. 

¢ mis the mass per unit area of the floor, in kg/m”, and is based on permanent actions 
only without including partition loads. 


For residential floors having a fundamental frequency greater than 8 Hz, human 
sensitivity relates to the effects of vibration amplitude and velocity caused by dynamic 
footfall forces. To ensure compliance with the SLS criteria set for these issues, design 
criteria for residential wood-based plate type floors are given in EC5 and the UK 
requirements are given in the UKNA to EC5. The UKNA guidance is based on the 
use of joist-type floors, which is the most common type of floor structure used in the 
United Kingdom, and it is this category of floor that is considered in the following 
sub-sections. Where the modulus of elasticity is used in equations, unless otherwise 
stated, Emean Will apply. The requirements to be satisfied in ECS are as follows: 


(a) Low-frequency effects (step frequency effect). 

The enforcing frequency on the floor from this action will be less than 8 Hz and 
consequently the effect of the step action can be considered to be the same as that 
caused by a static load. The static load simulating the foot force effect is 1 KN applied 
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at the centre of the floor and the deflection of the floor at this point, a, must be no 
greater than the limit given in Zable NA.5 in the UKNA to ECS, ice. 


a < 1.8 (mm) for floor spans < 4000 mm (4.47) 
16500 
a< ir (mm) for floor spans > 4000 mm (4.48) 


where ¢ is the span of the floor joist in mm. 

In NA.2.6.2 of the UKNA to ECS the deflection a of the floor under a | KN point 
load at mid-span on a floor having a design span £ mm may be evaluated using the 
following equation: 


100K dist 3, kamp 


ABED join mm equation (NA.I) (4.49) 


Where: 


® Kais: gives the proportion of the 1 KN load supported by a single joist. The value 
to be used is: 


14(ED» 
Kaist => max Kstrut[0.38 = 0.08 In a a 
S 


0.30} (4.50) 


where Ketrut = 1 or, where single or multiple lines of strutting are used in the floor 
structure and installed in accordance with the requirements of BS 5268, Structural 
Use of Timber (NA.4.1 in the UKNA to ECS), Kstrur = 0.97; (ED is the flexural 
rigidity of the floor perpendicular to the joists in N mm?/m (see Notes relating to 
(ED, (box below) for the factors to be taken into account when evaluating this 
rigidity); s is the joist spacing in mm. 
eq is the equivalent span of the floor joists (mm); for simply supported joists, 
£eq Should be taken to be the span £ in mm; for end spans of continuous joists, 
eq should be taken to be 0.9¢ in mm; for internal spans of continuous joists, Ceq 
should be taken to be 0.852¢ in mm. 
Kamp is an amplification factor that takes into account the effect of shear deflections 
in the case of solid timber and glued thin webbed joists or joint slip in the case of 
mechanically jointed floor trusses, and is: 

1.05 for simply supported solid timber joists, 

1.10 for continuous solid timber joists, 

1.15 for simply supported glued thin webbed joists, 

1.30 for continuous glued thin webbed joists, 

1.30 for simply supported mechanically jointed floor trusses, 

1.45 for continuous mechanically jointed floor trusses. 
ETioist is the bending stiffness of a joist in N mm’, calculated using the mean value 
of the modulus of elasticity of the joist. 
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Notes relating to (ED)p 

(1) The flexural stiffness is calculated as (EJ), using the mean value of the modulus of 
elasticity of the floor decking and discontinuities at the ends of floor boards or at the 
edges of floor panels may be ignored. 


(2) Where plasterboard ceilings are fixed directly to the soffit of the floor joists, the flex- 
ural rigidity of the plasterboard can be added. It is to be assumed that Eplasterboard = 
2000 N/mm?. 


(3) Where the floor comprises open web joists fitted with a continuous transverse member 
secured to all joists within 0.1¢ from mid-span, (E7),) may be increased by adding the 
bending stiffness of the transverse member (in N mm?) divided by the span ¢ (in metres). 


(b) High-frequency effects (heel impact effect). 

Under the action of a unit impulse force of 1.0 N s at the centre of the floor simulating 
heel contact, the maximum initial value of the vertical floor vibration velocity v (in 
m/s) must comply with equation (7.4) in ECS: 


v < bS—) m/(Ns’) (ECS, equation (7.4)) (4.51) 
Where: 


¢ v is the unit impulse velocity response in m/(N s’) units; i.e. the maximum value 
of the floor vibration velocity (in m/s) in a vertical direction caused by an impulse 
of 1.0 N s, simulating the heel impact condition applied at the point on the floor 
giving maximum displacement. 

b is aconstant for the control of unit impulse response and is related to the floor 
deflection a as shown in EC5, Figure 7.2. It can be expressed in equation format 


as follows, 
b = 150 — (30(a — 0.5) /0.5) = 180 — 60a whena < 1mm (4.52) 
b = 120 — 40(a — 1)) = 160 — 40a whena > 1mm (4.53) 


where a is in mm and is obtained from equation (4.49). 

fi is the natural frequency of the floor obtained from equation (4.46) (in Hz). 

¢ is the modal damping ratio of the floor and for typical UK floors NA.2.6 of the 
UKNA to ECS states that a value of 0.02 is appropriate. 


To derive the actual unit impulse velocity response of the structure, the EC5 require- 
ment is as follows: 


For a rectangular floor with overall dimensions bx @ and simply supported on four 
sides, the approximate value for v can be obtained from equation (7.6) in ECS as 
follows, 


_ 40.4 + 0.6ng0) 
~~ mbé +200 


where b is the floor width (in metres), £ is the design span of the floor (in metres), m is 
as defined in equation (4.46) (in kg/m’), and nag is the number of first-order vibration 
modes with natural frequencies up to 40 Hz. 


(ECS, equation (7.6)) (4.54) 
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The value of n49 can be calculated from the approximate expression given in equation 
(7.7) of ECS, 


= oy ane ‘ED EC5 ion (7.7)) (4.55 
N49 = (>) (2) (EDs ( , equation (7.7)) (4.55) 


where (EJ), is as defined in equation (4.50), but the units to be used for this equation are 
N m’/m, and (El)is the equivalent plate bending stiffness of the floor in the direction 
of the span of the joists as defined in equation (4.46) (in N m*/m) and (EDp < (ED,. 

It is to be noted that when using ¢ = 0.02 for the modal damping ratio, the UKNA 
to ECS states that the unit impulse velocity will not normally govern the size of the 
joists used in residential timber floors. 


See Example 4.8.4. 
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4.8 EXAMPLES 


To be able to validate that the critical design effect of actions is being used, the design 
effects arising from all possible load combinations have to be investigated as part of 
the design process. Example 4.8.1 is given to show the load cases that have to be 
investigated in the case of a simply supported beam subjected to a permanent and a 
variable action. 

In the remaining examples, unless otherwise stated, only the load combination(s) 
giving the greatest design effects have been considered, and these have been based on the 
use of the fundamental combination (equation (2.13)) at the ULS and the characteristic 
combination (equation (2.24)) at the SLS. 
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Example 4.8.1 A simply supported rectangular beam in an office area is secured to a supporting 
structure at A and B as shown in Figure E4.8.1, and functions under service class | conditions. 
It is subjected to characteristic permanent loading, G, = 0.6 kN/m, a characteristic medium 
duration variable load Qx,; = 1.2 KN/M acting downwards and a characteristic instantaneous 
duration variable load (wind action) Q,,2 = 0.6 kKN/m acting upwards. The associated strength 
modification factors for the beam material are kmod,perm = 9.60, Kmod,med = 0.80 and kmod,inst = 
1.1 respectively. 
Determine the design load cases that will produce the design effect for 


(a) the equilibrium ultimate limit states (ULS); 

(b) for the strength ULS, i.e. bending, shear and bearing; 

(c) the design effect for the instantaneous deflection of the beam at the serviceability limit 
state (SLS). 


Fig. E4.8.1. 


1. Actions on the beam 
Permanent loading on the beam, Gx Gy = 0.6kN/m 


Medium duration variable loading Ox) = 1.2kN/m 
acting downwards on the beam, Qx 1 


Instantaneous duration variable loading Ox2 = 0.6kN/m 
acting upwards on the beam, Qx 2 


2. Partial safety factors 
Table 2.2, w values (UKNA to EN 1990:2002 TableNA.A1.1): 


Factor for the combination value of medium duration Wo. = 0.7 
variable action Ox1, Wo.1 


Factor for the combination value of wind action Qx.2, Wo2 Wo2 = 0.5 
(a) Partial factors for equilibrium ULS: 
Table 2.8, equation EQU (a) (UKNA to EN 1990:2002 TableNA.A1.2(A)) 


For permanent favourable actions, y¢.c Ge = 0.9 
For variable unfavourable actions, yo.e.u Oeu = 1.5 
For variable favourable actions, y9@ ¢.f Oct =O 


(b) Partial factors for strength ULS: 
Table 2.8, equation STR (c),(i) (UKNA to EN 1990:2002 TableNA.A1.2(B)) 


For permanent unfavourable actions, yg.y Gu = 1.35 

For permanent favourable actions, yg f c.f = 1.00 

Unfavourable variable actions, yg x You = 1.5 

Favourable variable actions, yg ¢ or =0 
(c) Partial factors for serviceability deflection limit states: 

2.2.25 


Partial factors for permanent and variable actions = 1 
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3. Modification factors 
Table 2.4 (EC5, Table 3.1) 


Load duration factor for permanent duration loading kmod.perm = 0.6 
at service class 1, kmod.perm 


Load duration factor for medium duration loading Kmod.med = 0.8 
at service class 1, Kmnoa.med 


Load duration factor for instantaneous duration loading Kmod.inst = 1.1 
at service class 1, kmod.inst 


4. Critical loading conditions for design effects 


(a) Equilibrium states 
(i) Table 2.8, equation EQU (a): 
Ignoring all load cases where the permanent action is unfavourable, eight alternative load 
cases have to be considered and the critical load case will be: 


Critical load case: Permanent (favourable) G, + leading variable (unfavourable) 
Qx,2 + accompanying variable (favourable) Qx,1: 


Equily = Yee: Gk — Voeu Ok2+Voet* Wor: Ox1 
Equil, = —0.36 kN/m i.e. loading is acting upwards on the beam 
(ii) Table 2.8, equation STR (c),(i): 
Ignoring all load cases where the permanent action is unfavourable, eight alternative load 
cases have to be considered and the critical load case will be: 


Critical load case: Permanent (favourable) G,+ leading variable (unfavourable) 
Q,.2+ accompanying variable (favourable) Q,.1: 


Equi2y = ve. Gx — Yous QOk2 + Vor: Wor: Qk 

Equi2, = —0.3 kN/m loading is acting upwards on the beam 

The design load case for equilibrium will be Equilg. 

It must also be noted that the supporting structure to which the beam is anchored must 
have sufficient static stability to withstand the uplift force generated at each end of the 
beam. 


(b) Strength states 
Table 2.8, equation STR (c),(i): 


There will be eight load cases where the permanent action is unfavourable and eight where 
the permanent action is favourable. The design load case will be the load case generating 
the largest value when divided by the associated kmoa, and must include for any reversal 
of stress condition. The design load case/kmoa Will be as follows: 
(i) For bending compression on the top face, for shear, for bearing: 
(Permanent G, (unfavourable) + leading variable (unfavourable) Qx.; + 
accompanying variable (favourable) Qx.2)/Kmod.med 
NB: content of the last paragraph in 2.2.24: 


Yeu: Ge+ Vou: Oxi — Yor: Wo2* O2 
Kmod.med 
The design loading will therefore be: 


DL1a = Yeu: Get You: QOk1 — Yor: Wor: Qk2 DL1q = 2.61 kKN/m 


STR1g = STR1g = 3.26 kN/m 
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(ii) For bending compression on the bottom face (e.g. to check lateral torsional instability 
under stress reversal): 


(Permanent G, (favourable) + leading variable Q, 7 + accompanying variable 
(favourable) Qk.1)/Kmod,inst 


Ce ea : 
STR2y = Yet: Gk - Yous Ox2+ Yor: Wor: Qk1 STR2y = —0.27 kN/m 


Kmod.inst 


The design loading will therefore be 


DL2¢ = yer: Ge — Yous Ok2 + Vor: Wor? Qk1 DL2g = —0.3 KN/m 
i.e the loading is acting upwards on the beam 
(c) Deflection states — adopting the irreversible limit state condition 
Load case for determining the instantaneous downward deflection: 


Using the characteristic combination, i.e. equation (2.24) in 2.2.25.2 
(equation (6.14b) in ECO, four load cases have to be considered and the design 
condition will be: 


Permanent + variable QO, 1: 


DL3g = Gy + Ox1 DL3q = 1.8kN/m 


Example 4.8.2 A 63 mm by 225 mm deep sawn timber beam in a domestic residence supports 
the characteristic loading shown in Figure E4.8.2. The beam has a clear span of 3.10 m, the 
bearing length has been restricted to 85 mm at each end, is of strength class C24 to BS EN 
338:2003, and functions in service class 2 conditions. The beam is laterally restrained against 
lateral buckling along its length and is notched at its ends by 15 mm, extending 150 mm into the 
beam from the centre of each support position. The notches are on the same side as the beam 
supports. 
Given that 


Guat = 1.0 kN/m (characteristic uniformly distributed permanent action) 
Qx.udi = 2.5 KN/m (characteristic uniformly distributed medium-term action) 
Gx.» = 1.00 KN characteristic point load at mid-span 


carry out a design check to confirm that 


(a) the beam will meet the ULS design requirements of EC5; 
(b) the deflection criteria will also be acceptable, assuming that the structure is exposed 
without applied finishes. 


G,,,, = 1.00 kN point load at mid- 
Gy ANd Oy, 4 || kp point load at mid-span 


150 mm 150 mm —4 t 
< 3.1 mclear span a 15 mm 
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1. Beam geometric properties 
Breadth of the beam, b 


Depth of the beam, h 
Clear span of the beam, €, 


Bearing length of the beam at each 
end, ly 


Design span of the beam, ¢ 


Notch depth at each end of beam, hy, 
Notch inclination, i (including 
dimension correction factor 
required by mathcad) 


Beam depth at each end, her 
Ratio of hee/h, a 


Length of the notch from the centre 
line of the end support, x 


Section modulus of the beam about 
the y—y axis, W, 


2. Timber properties 


b=63 mm 
h = 225 mm 
£, = 3100 mm 
fy = 85 mm 
L= (lo + bp) £=3.19m 
hy, = 15mm 
i = 0mm! 
hep = h — hy hep = 210 mm 
ae = 0.93 
a= A a=0. 
x = 150mm 
b-h? é 4 
Wy = 6 Wy, = 5.32 x 10° mm 


Table 1.3, strength class C24 (BS EN 338:2003, Table 1): 


Characteristic bending strength, fn 
Characteristic shear strength, fy. 
Characteristic bearing strength, foo. 


Fifth-percentile modulus of elasticity 
parallel to the grain, Eo.05 


Mean modulus of elasticity parallel to 
the grain, Eo. mean 


Mean shear modulus, Go mean 


Mean density of the beam timber, pm 


3. Partial safety factors 


fink = 24.N/mm? 
fuk = 2.5N/mm? 
feook = 2.5N/mm? 
Eos = 7.4kN/mm? 


Eo mean = 11 kKN/mm? 


Go.mean = 0.69 KN/mm? 
Pm = 420kg/m? 


Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B))) for the ULS 


Permanent actions, yG.uLs 
Variable actions, ¥g.uLs 


Yc.uLs = 1.35 
Yo.uts = 1.5 


Table 2.2 (UKNA to BS EN 1990:2002, Table NA.A1.1 — Category A 


Factor for the quasi-permanent value 
of the variable action, 2 


Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for solid timber at the 
ULS, yu 


Wy = 0.3 
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4. Actions 


(i) ULS 

Characteristic self-weight of the 
beam, Gi swt 

(1) Design action from the self- 
weight of the beam, Fy swi 


Characteristic permanent action 
due to the point load, Gx p 

(2) Design permanent action due to 
the point load, Fp 


Characteristic permanent action due 
to the udl, Gxuai 


Characteristic medium-term action 
due to the udl, Ox.ua 


(3) Design action due to the 
permanent action udl, Fa p.udi 

(4) Design action due to the variable 
action udl, Fa.gudl 


. Modification factors 

Factor for medium-duration loading 
and service class 2, Kmod.med> 

(Table 2.4 (ECS, Table 3.1)) 


Size factor for depth greater than 150 
mm, ky (Table 2.11; ECS, 
equation (3.1)) 


Lateral stability of the beam: Kerit, 
(Table 4.3 (ECS, 6.3.3)) 


Reduction factor for the notch, k,, 
(equation (4.19) (ECS, Clause 6.5.2)) 


Shear factor for solid timber, k, 
(incorporating the dimension 
factor for Mathcad) 


Guswt =D-h- 8+ Pm 
Faswt = YG.ULS * Gk swt 
Gxp = 1.00kKN 

Fup = Yous * Grp 
Gua = 1.0 kN/m 
Oxua = 2.5 kN/m 


Fapudl = YG.ULS * Gx.udl 


Fagudl = Yo.uLS * Ok.udl 


kmod.med = 0.8 
ky = 1.0 

Kexit =1 

ky = 5mm? 


Reduction factor for notched beams, ky 


bn (14 


k, = min 1, 


1) 
Sh 


Bearing factor, k..99 

(equation (4.22) (ECS, 6.1.5,(1))) 
NB: a higher value of k¢.99 can be 
used if required by adopting 
equation (4.24) to give k1¢.90: 


vi-] vara 408. 5/2 a] 


k.99 = 1 


Gxswt = 0.06 KN/m 


Faswt = 0.08 kKN/m 


Fap = 1.35 kN 


Fapual = 1.35 kN/m 


Fagqudl = 3.75 kKN/m 


ky = 0.68 
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(The equation incorporates a dimensional correction factor for mathcad) 


Hig S(oat= Oe ae Eloy 22.46 
c.90 = . 250 12. ly c.90 = 4: 

Deformation factor for service class kgep = 0.8 

2, Ket, 

(Table 2.10 (ECS, Table 3.2)) 

Load sharing factor, k,y, is not Kys = 1 

relevant 


. Bending strength 

Note 1: As explained in 2.2.24, the greatest value of design effect will be associated with the 
largest value of design action divided by the associated kyoq for the characteristic combina- 
tions of load cases that can exist. The critical load case will be the combination of design 
loads (1)+(2)+(3)+(4) and only this case has been considered. 

Design bending moment, Mga, 


Raped Rigen” Fapyats an Fapaat? L° 


Mg = 
4 8 8 8 
Mg 


W, 
Kmod.med*Ksys*Kn* Ink 


Mg = 7.64 kN m 


Design bending stress, Om.y.4; a Om.y.d = 14.38 N/mm? 


Design bending strength, fn.y.a, Inya = 


Smyda = 14.77 N/mm? 
(equation (4.5)) YM 


Bending strength is satisfactory 
. Shear strength 
As with Note 1 above, design value for end shear force, Va: 


eee op ae 4a Va = 8.92 kN 
d= 5 d.p.udl 5 d.p.udl 5 d.swt 2 d= 0. 

: Va 2 
Design shear stress, Ty.q Wwd=nr- Ty.q = 1.01 N/mm 
(equation (4.16) (ECS, 2 d-he 
equation (6.60))) 

Design shear strength, fv.a, a= Kmod.med * Ksys * fk fva = 1.54 N/mm? 
(equation (4.18)) YM 

Design shear strength, taking the ky - fv = 1.05 N/mm? 
notch effect into account, 

ky - fv.a (equation (4.17a)) (ECS, Shear strength is satisfactory 
equation (6.60))) 


. Bearing strength 
With reference to Note | above, the design bearing force will equal the design shear 
force in the beam, V4: 


V. 
Design bearing stress, 0¢.90.4 6c.90.d = wh e904 = 1.67 N/mm? 
(equation (4.22)) “b 
Kmo med ° kg s* Ke. * Jc.90. 
Design bearing strength, fo.0.4 fe904 = d.med * “sy 90° fc.90.k 
(equations (4.22), (4.23) (ECS, YM 
equation (6.3))) Pees sa Niaiae 


Bearing strength is marginally too low — need to use a 
higher value for k¢.99 
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Kmod.med J Keys K1..90 : Sc.90.k 


Adopting value for filc.o0.4 = 
k1¢.99 = 2.46 YM F 1e.99.4 = 3.78 N/mm? 


Bearing strength is OK. 
(The required increase in value of %increase = 8.3 


Ke.99 to achieve an acceptable 
bearing stress) 
9. Beam deflection 
As the bearing stress factor, k..99, has exceeded unity by a small % the deflection due to 
bearing effects can be ignored. 


The greatest value of design effect at the SLS will be associated with the largest value 

of bending moment and shear force obtained from the combinations of load cases that 
can exist, i.e. for this example: (i) load case (1)+(2)+(3); (ii) load case (1)+(2)+(3)+(4) 
but with the partial factors set equal to 1. The critical combination will be load case (ii), 
and it is used to determine the deflection. The effect of the notch at the ends of the 

beam on deflection is negligible and has been ignored in the calculation. 


Deflection due to bending and shear effects: 

At the SLS the partial safety factor is 1. 

As the member is made from one material, the mean value of stiffness will be used 
to derive the instantaneous and the creep deflection of the beam. 

Instantaneous deflection under permanent actions, Uinst.g (Table 4.7) 


1 Gip 3 Eo.mean h : 
inst.poin.G = > * >———— >: (f)- | 1 1.2- -{-— 
Su DOEG 4 Eo.mean +b. h3 ( ) Go.mean £ 


5 Gx swt ao Gud 4 Eo.mean h e 
inst.udl.G = 2 : -T1 : . if Aad 
eG 32 Eo. mean +b h3 e i ue Go.mean (7) 


Uinst.G = Uinst.point.G + Uinst.udl.G Yinst.G = 3.44mm 
Instantaneous deflection due to variable action, Uinst.g (Table 4.7) 


5 Qk.ual 4 Eo.mean h 
inst.Q = id -(@)- 41 0.96 . —— _..- | — 
ce 32 Eo.mean -b- h3 ( ) if Go.mean (7) 


Uinst.o = 5.48 mm 
Combined permanent and variable Uinst = Uinst.g + UVinst.o Uinst = 8.92 mm 


instantaneous deflection, Uins, 


£ 
ECS limitation on deflection — Winst = —— Winst = 10.62 mm 


use span/300, Winst ay 
(Table 4.6 (EC5, Table 7.2)) ie. OK 


Final deflection due to the Ufin.G = Uinst.g «(1 + Keer) Ufin.gG = 6.19mm 
permanent actions, Ufin.g 

(equation (4.41); ECS, 

equation (2.3)) 

Final deflection due to the variable 

and quasi-permanent actions, Ufin.g 

(equation (4.42); ECS, Ufin.o = Uins.g * A + W2- Keer) Utin.g = 6.8 mm 
equation (2.4)) 

Final deflection due to the Unet.fin = Utin.g + Using Unetfin = 12.99 mm 
permanent and quasi-permanent 

actions, Unet.fin 
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UKNA to EC5 limitation on Whet.fin = a Wnetfin = 21.23 mm 
deflection — use span/150, Whet.fin 150 

(Table 4.6 (UKNA to ECS, 

Table NA.4)) ie. OK 


The deflection of the beam is satisfactory 


Example 4.8.3. A 75 mm wide by 300 mm deep simply supported LVL (Kerto-S) beam, AB, 
supports another beam CD on its compression face at mid-span as shown in Figure E4.8.3. Beam 
CD provides lateral restraint to beam AB at mid-span and applies a characteristic permanent 
load of 5.25 KN and a characteristic variable medium duration load of 7.35 KN. Beam AB has a 
clear span of 5.00 m, a bearing length of 100 mm at each end, and functions in service class 1 
conditions. 

Carry out a design check to confirm that the beam will satisfy 


(a) the ULS design requirements of ECS, and 
(b) the instantaneous deflection requirement at the SLS. 


Loading from central point load: 
Gx.» = 5.25 KN characteristic permanent action. 
Ox.» = 7.35 KN characteristic variable action. 


Beam CD at mid-span of AB 


300 mm 


( 
y 
y 


ti 
veel ENS — 


5.0 m clear span 


z 
ae ee 100 mm 


Fig. E4.8.3. 


1. Beam AB geometric properties 
Breadth of the beam, b 
Depth of the beam, h 
Clear span of the beam, £, 
Bearing length, 
Beam effective span, @ 


Section modulus of the beam about the 
y—y axis, W, 


2. LVL properties 
Table1.15 — Kerto S 
Characteristic bending strength, fmx 


Characteristic shear strength, fy.x 


Characteristic bearing strength, f¢.90. 


v 
Z sls mm 


100 mm—{-s| 


b= 75mm 
h = 300mm 
£. = 5000 mm 
Ly = 100mm 
£L= (€, + py) £= 5100 mm 
b-h 6 3 
Wy = =e Wy, = 1.12 x 10° mm” 


Imk = 44 N/mm? 
Ae =4.1 N/mm2 
feo0.k = 6.0 N/mm? 
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Fifth-percentile modulus of elasticity Eo 95 = 11.6 kN/mm? 
parallel to the grain, Eo.05 
Fifth-percentile shear modulus, Go.os Go.0s = 0.4 kN/mm? 


Mean modulus of elasticity parallel to Eo mean = 13.8 kN/mm/? 
the grain, Eo.mean 


Mean shear modulus, Go mean Go.mean = 0.6 kN/mm? 
Mean density of the beam, Pm = 510 kg/m? 


3. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS: 


Permanent actions, yg Ye = 1.35 
Variable actions, yg yo = 155 
Table 2.6 (UKNA to ECS, Table NA.3): 

Material factor for LVL, yy ym = 1.2 


4. Actions 
Self-weight of the beam, Gx seltwe Gxsetfwt =b-h-g- Pm Grsettwt = 0.11 kKN/m 


Design action from the self- Fa settwt = YG * Gksettwt Fasetfwt = 0.15 kKN/m 
weight of the beam, F4 seitwt 


Characteristic permanent action Gy p = 5.25kN 
from the point load, Gx.p 

Characteristic variable Oxp = 7.35 KN 
(imposed) action from the point 

load, Ox.p 

Design action from the point load for 

the critical load case at the ULS, Fup 


(Table 2.8, equation c) using the Fap =Y¥o*Gep + Vo-° QOkp 
unfavourable condition variable Fap = 18.11 kN 
action) 


5. Modification factors 
Factor for medium-duration loading = kmod.med = 0.8 
and service class 1, Kmodmed 
(Table 2.4 (ECS, Table 3.1)) 


Size factor for depth greater than ky = 1.0 
300 mm, ky, (Table 2.11 (ECS, 3.4)); 


Lateral stability of the beam, Kerit, 
(4.5.1.2 (ECS, 6.3.3)) 
Effective length of the beam — Lop = 0.282 4+2h Lee = 2.03 m 
adopt case for the most critical 
condition — the point load at 
mid-span, £e¢ (Table 4.2) 
Critical bending stress, Omcrit, (equation (4.9b); ECS, equation (6.31)) 


. b 0.5 
a -b*| Ejos: Goos: | 1 — 0.63 - i 


Om.crit = h- ie Om.crit = 57.43 N/mm2 


Design of Members Subjected to Flexure 143 


Relative slenderness for bending, 


Arel.m Fa k 
(equation (4.10); ECS, Arelm = : drei = 0.88 
equation (6.30)) Om.crit 
Lateral stability factor, Kerit 
Table 4.3 (EC5, equation (6.34)) 1 if Areim < 0.75 
k 1.56—0.75- Arm if 0.75 < Aretm < 1.4 
crit = 
1 
a otherwise 
Drei 
Kerit = 0.9 

Bearing factor, k..90, Keon = 1 


(equation (4.22); ECS, 6.1.5,(1)) 
NB: ahigher value of k_.99 can be 
used if required by adopting 
equation (4.24) (equation (6.4) in 
6.1.5(3) of ECS). 


Load sharing factor, ky; kys = 1 
is not relevant 


. Bending strength 
The design load case at the ULS will be due to a combination of self-weight of the beam 
plus the combined permanent and variable point loads at mid-span: 


Fap £ Fa seitwt . es 


Design bending moment, Mga, Ma= Mg = 23.59kNm 


4 8 

2 ; Ma 2 

Design bending stress, om 5.4, Omy.d = W. Om.y.d = 20.97 N/mm 
y 

: F kmod.med ¥ Kgys - Kn : Kmk 2 

Design bending strength, Jmny.d = Sm.y.a = 29.33 N/mm 
‘ YM 

Tiny.ds 
Design bending strength taking finry.a = Kerit : fmy.d Smr.y.a = 26.5 N/mm? 


lateral torsional buckling effect 
into account, fmr.y.d, equation 
(4.13) (ECS, equation (6.33)) 

Bending strength is satisfactory 
. Shear strength 
The design load case will be due to a combination of self-weight of the beam plus the 
combined permanent and variable point loads at mid-span: 


F £ 
Design value for end shear force, Vg = 230 + Fasettwt ° = Va = 9.44 kN 
: ; : 2 2 
(ignoring shear reduction due to 
self-weight at the support), Va 


a 3 Va 2 
Design shear stress, Ty.a Wad ==>-- > Ty.q = 0.63 N/mm 
: 2 b-h 
(equation (4.16)) k k 
Design shear strength, fv.a fra mod.med * Ksys * fv.k Fvare 273 N/mm? 
(equation (4.18)) YM 


Shear strength is satisfactory 
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8. Bearing strength 
The design load case will be due to a combination of the self-weight of the beam plus 
the combined permanent and variable point loads at mid-span: 


Design value of the end reaction, Reacg = V4 Reacy = 9.44 kN 
Reacg 

: . Reacg 5 
Design bearing stress, 0¢.90.4 O¢.90.d = 0¢.90.4 = 1.26 N/mm 


b- ly 


Kmod.med : Keys . Fc.90.k 


(equation (4.22)) 


Design bearing strength, fo.o04  fe.90.4 = Fc.90.4 = 4 N/mm? 


(equation (4.23)) YM 


Factored design bearing strength, k.o9 - fe.oo.4 = 4 N/mm2 
ke.o0 + fc.0.4 (equation (4.22)) 


Bearing strength is OK without need to use a higher k¢.99 


9. Beam deflection 
Deflection due to bending and shear effects: 
At the SLS the partial safety factor is 1. 
As the member is made from one material, the mean value of stiffness will be used to derive 
the instantaneous and the creep deflection of the beam. 
The greatest value of instantaneous deflection at the SLS will be associated with the largest 
value of bending moment at that state and will be due to the characteristic combination of 
the combined self-weight of the beam plus the combined dead and variable point loads at 
mid-span. 
Instantaneous deflection due to the self-weight of the beam Winst,seiwt (Table 4.7): 


Dy: Gx seltw 7 et Eo.mean h 2 
32-E b-h3 “VG Uinst.selfwt = 0.46 mm 
* £0.mean * 4° 


Yinst.selfwt = 


£ 


-|1+0.96- 
Go.mean 


Instantaneous deflection due to the point loads at mid-span Winst point loads (Table 4.7): 


(Grp + Qk) © Eosean {h\* 
Uinst.point. loads = £9 eee ere 1+ 1.2. Go oe i) liners 


Uinst.point loads = 16.38 mm 
Instantaneous deflection under combined self- 


weight and point loads, Uinst, Uinst = Uinst.selfwt + Uinst.point loads Uinst = 16.84 mm 
ECS limitation on deflection — e 
use span/300, Wins Winst = —— Winst = 17 mm 
9) / t t 300 t 
(Table 4.6 (ECS, Table 7.2)) The deflection is satisfactory 


Example 4.8.4 A timber floor in a domestic property has a clear span of 3.70 m between 
supports and a bearing length of 50 mm at each end. The structure comprises 47 mm by 200 mm 
deep sawn timber joists at 400 mm c/c, strength class C18 to BS EN 338:2003, and functions 
in service class 1 conditions. The flooring is 18 mm thick OSB/3 boarding to BS EN 12639- 
1:2001 and is nailed to the joists. Although the floor structure is finished on its underside with 
plasterboard, no increase in the flexural stiffness of the floor will be allowed for this. The floor 
width is 4.0 m and the floor mass, based on permanent loading only, is 35 kg/m?. 
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Carry out a design check to confirm that the vibration behaviour of the floor will be acceptable. 


Joist hanger (bearing 50 mm) 


12.5-mm plasterboard 


Joists 
Support beam 


Joist cross-section 


Section A-A (47 x 200) 
Fig. E4.8.4. 
1. Joist geometric properties 
Breadth of joist, b b=47mm 
Depth of joist, h h = 200mm 
Joist spacing, Js J, = 400 mm 
Clear span of joists between £, = 3700mm 
inside edge of hanger supports, £, 
Bearing length, Ly = 50mm 
Flooring thickness, t t= 18mm 
Width of flooring per metre, D, b, = 1000 mm 
Effective span of a joist, £ £L= (€, + £p) £ = 3750mm 
Second moment of area of a joist, Foist = ae Fist = 3.13 x 10’ mm‘* 
Fpoist 
Second moment of area of 
HOORNE ee width — ignoring bt? 
discontinuities at the edges of the floor J = D Tp = 4.86 x 10° mm* 
panels, J; 
Width of floor structure, wr wr = 4.0m 


2. Timber and OSB stiffness properties 


Table 1.3, strength class C18 (BS EN 338:2003, Table 1) 


Mean modulus of elasticity of the joists 
parallel to the grain, Eo mean 


Table 1.17 (BS EN 12639-1:2001): 
Mean modulus of elasticity of flooring 
parallel to the grain, Ero mean 


Eo.mean =9 kN/mm? 


Es0.mean = 4.93 kN/mm? 
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3. Actions at the SLS 
Mass of the floor (kg/m7), me mr = 35 kg/m? 


4. Modification factors 
4.6.2.2 (UKNA to ECS, NA.2.6) 


Distribution factor, kgist, equation 
(4.50) (UKNA to ECS, NA.2.6.2) 


s ‘ Ef o.mean Ts =| 2 
Evaluation of In function, fa fa=|14- — i * (N- mm”) 
(Mathcad adjusted to make it 2 
dimensionally correct) fa=131 
Evaluation of function value Kstruat = 1 
for, Ketrut 
Evaluation of inequality Kaist = Max |Ketrut - (0.38 — 0.08 - In(fa)), 0.3] 
function for Kgise (equation Kaist = 0.36 
(4.50)) 
Evaluation of function Kamp = 1.05 
value for, Kamp 
Equivalent floor span, in mm, £eq leg = leg = 3.75 x 10°? mm 
The modal damping ratio, ¢ (equation ¢ = 0.02 
(4.51) (UKNA to EC5, NA.2.6)) 
5. Vibration check 
(a) Check fundamental frequency of the floor (equation (4.46); EC5, equation (7.5)) 
Approximate natural frequency of the floor — f; 
(ignoring the floor stiffness as the flooring is not glued to the joists) 
(equation (4.46); EC5, equation (7.5)) 
(Mathcad adjusted to make it dimensionally correct) 


Fist 


1s Eo.mean Ts. 
22 me 


fi = fi = 15.85 Hz 
The fundamental frequency of the floor is 
acceptable as it is greater than 8 Hz. 
(b) Check the static deflection of the floor: 

Maximum allowable deflection a) = 1.8mm 

under the | KN point load, a, 

(equation (4.47) 

(UKNA to EC5, Table NA.5)) 

(Mathcad adjusted to make it 

dimensionally correct) 


1000 N point load at the centreof P= 1000N 


the floor, P KN 
7 P. Kaist ; e : Kamp 
Actual deflection of floor a= 
under 1 KN, a (equation (4.49) 48 - Eo.mean * Lois 
(UKNA to EC5, NA,2,6,2)) =i mm 


The deflection of the floor is less than the 
allowable value and this requirement is 
acceptable 
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(c) Check unit impulse velocity response of the floor: 
The constant for the control 
of unit impulse response, b, , 
(equation (4.53) (UKNA to by = (160 — 40. —_) b, = 101.36 
ECS, Table NA.5)) oe 
(Mathcad adjusted to make it 
dimensionally correct) 


Maximum allowable unit 

: : _ yf lg-Hz7!-1 2-1 

impulse velocity, vp Vp = by .m.(N s*) 

(equation (4.51); EC5, Up = 0.04 m/(N s”) 
equation (7.4)) 


The number of first-order 
modes with natural 


frequencies up to 40 Hz, nag 5 ae (=) 0.25 
(equation (4.55); EC5, Heit (= : =) |. (“’. J; 
equation 7.7)) a fi e Efigeane ia 
(Mathcad adjusted to make it 

dimensionally correct) nag = 6.72 


The approximate actual unit 
impulse velocity, v, 4- (0.4 +.0.6 - nay) 
(equation (4.54); ECS, = =I 
equation (7.6)) (mp -wy-€-kg~) + 200 
(Mathcad adjusted to make it 

dimensionally correct) 


rs m-(N-s?)7! 


v = 0.02 m/(Ns’) 


As the unit impulse velocity response of the floor 
the allowable value, vp, is acceptable. 


The floor has complied with all of the vibration requirements in ECS and is acceptable 


Chapter 5 


Design of Members and Walls Subjected to Axial or 
Combined Axial and Flexural Actions 


5.1 INTRODUCTION 


Timber sections are commonly used in construction as axially loaded members or 
as members subjected to combined axial and bending actions. Members of a truss, 
posts or columns, vertical wall studs and bracing elements are typical examples. Some 
examples are shown in Figure 5.1. 

This chapter covers the design of straight solid timber or wood-based structural 
products of uniform cross-section in which the grain runs essentially parallel to the 
member lengths and the members are subjected to the effects of axial compression or 
tension or combined axial and flexural actions. The design of glued-laminated section 
columns and of built-up columns is covered in Chapters 6 and 8 respectively. 

The general information in Section 4.3 is relevant to the content of this chapter. 


5.2 DESIGN CONSIDERATIONS 
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Axially loaded members have to satisfy the relevant design rules and requirements of 
ECS [1], and the limit states associated with the main design effects for members loaded 
in this manner are given in Table 5.1. The equilibrium states and strength conditions 
relate to failure situations and are therefore ultimate limit states. The displacement 
condition relates to normal usage situations, however no guidance is given in EC5 
regarding limiting criteria for this state. Where lateral instability of a member can 
occur, a limitation is set for the maximum deviation from straightness allowed and this 
is given in Section 10, ECS. 

For strength-related conditions, the design stress is calculated and compared with 
the design strength modified where appropriate by strength factors and, to meet the 
code reliability requirements, when using the partial factor method the design stress 
must not exceed the design strength. 

When members or structures are subjected to combined stresses, e.g. due to the 
combined effects of axial and bending actions, additional design effects will arise and 
the design requirements for such conditions are also covered in this chapter. 
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(a) Simple post (b) Eccentrically loaded column 


(c) Truss system 


(e) Stud wall — multiple studs to carry higher (f) Tree truss column 
applied loads 


Fig. 5.1. Examples of columns, posts and a stud wall. 
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Table 5.1 Main design requirements for axially loaded members and the associated 
ECS limit states 


Design or displacement effect ECS limit states 


Retention of static equilibrium (sliding, overturning, uplift) ULS 
Axial stress, including the effect of lateral instability ULS 
Deflection SLS 


5.3. DESIGN OF MEMBERS SUBJECTED TO AXTAL ACTIONS 


5.3.1 


Members subjected to axial compression 


These are members that are subjected to a compressive action acting parallel to the 
grain and along the centroidal x—x axis of the member, as shown in Figure 5.2. Such 
members function as columns, posts, stud members in walls or struts in pin jointed 
trusses. 

When a member is subjected to axial compression its failure strength is dependent 
on several factors: 


¢ strength/stiffness — compressive strength and modulus of elasticity of the timber; 

© geometry of the member — cross-sectional sizes and length; 

© support condition — the amount of lateral support and fixity at its ends; 

* geometric imperfections — deviations from nominal sizes, initial curvature and 
inclination; 

e material variations and imperfections — density, effect of knots, effect of compres- 
sion wood and moisture content. 


The rules in ECS take these factors into account. 

When subjected to an axial load, because of imperfections in the geometry of the 
member or variations in its properties, or a combination of both, as the slenderness 
ratio, 4, of the member increases there is a tendency for it to displace laterally and to 
eventually fail by buckling as shown in Figure 5.3. 

The slenderness ratio is defined as the effective length of the member, L,., divided 
by its radius of gyration, i, 


ee (5.1) 


Fig. 5.2. Axial compression. 
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y- | —-y L Buckled 
y vy column 
A A 


Section A-A 


z 
o— 


x 


Fig. 5.3. Buckling of a column. 


where the radius of gyration about an axis i = ./7T/A, I is the second moment of area 
about the axis, and A is the cross-sectional area of the member. 

For any member there will be a slenderness ratio, A,, about the y—y axis and, A,, 
about the z—z axis and when using a rectangular section, as shown in section A—A in 
Figure 5.3, the respective slenderness ratios are 


vr = Dey = Ley and 1 = Pes = Lez 
"iy Af T2 ig — b/V12 

where L,,, and L,,, are the effective length about the y—y axis and the z—z axis 

respectively. Buckling will occur about the axis with the highest slenderness ratio. 

The effective length L. (or buckling length) of a compression member is the distance 
along its length between adjacent points of contra-flexure. These are adjacent points at 
which the bending moment in the member is zero. Although ECS gives no information 
on how to determine the effective length of a compression member, provided the 
end connections of the member ensure full positional and directional control where 
required, the guidance given in Table 5.2 can be used. The content of Table 5.2 covers 
the cases shown in Figure 5.4, where Le is the effective length and L is the actual 
column length. Where full positional and directional control cannot be assured and the 
stiffness properties of the end connections are known, approximate solutions can be 
determined using second-order analysis methods. 

For an idealised perfectly straight column of length L having uniform properties and 
pin jointed at both ends, the theoretical axial load at which buckling will occur about 
the y—y or the z—z axes within the elastic limit of the column material will be the Euler 
buckling load for the respective axis. Expressing the Euler buckling loads in terms of 
the slenderness ratios of the member, they can be written as 

mn EyosA m*EoosA 


Pey=—z-— and Pe, = —3 
y z 


(5.2) 
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Table 5.2 Effective length of compression members* 


Support condition at the ends of the member L./L 
Held effectively in position and direction at both ends 0.7 
Held effectively in position at both ends and in direction at one end 0.85 
Held effectively in position at both ends but not in direction 1 
Held effectively in position and direction at one end and in direction but not 1.5 


position at the other end 
Held effectively in position and direction at one end and completely free at the 2 
other end 


*Based on Table 21, BS 5268-2:2002 [2]. 


where Pg,, is the Euler buckling load about the y—y axis, Pg,, is the Euler buckling 
load about the z—z axis, Eo.os5 is the characteristic modulus of elasticity of the member, 
A is the cross-sectional area of the member, 1, is the slenderness ratio about the y—y 
axis = (1.0 x L)/iy,, A, is the slenderness ratio about the z—z axis = (1.0 x L)/i,. 

Dividing the respective Euler buckling loads by the cross-sectional area of the mem- 
ber, A, the buckling strength of the member about the y—y axis, og,,, and about the z—z 
axis, Og,-, is obtained as follows: 


and og, = : (5.2a) 


In ECS the square root of the ratio of the characteristic compressive strength of the 
timber parallel to the grain, f.,.0,x, to its buckling strength is defined as the relative 
slenderness ratio, A,e|, giving the following relationships for A;ej,) and Arel,z: 


ay dz 
Arey = | e0k and teas = 2 / 20% (5.3) 
Iu 0.05 I 0.05 


where, for the axes as shown in Figure 5.3, Arej,y is the relative slenderness ratio 
corresponding to bending about the y—y axis (i.e. the member will deflect in the z- 
direction), and A;ej,, is the relative slenderness ratio corresponding to bending about 
the z—z axis (i.e. the member will deflect in the y-direction). 


L,=05L Le= 0.85L Le=L L,= 1.5L L,=2L 


Fig. 5.4. Effective length and end conditions. 
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Compression 


Where the terms used are as 

normally defined and, fc,0,a 

is the asymptotic compressive 
e€ _ strength (N/mm_”) at the failure 

strain €y5 fo0,a = 0.85 fo0.43 

tana: = E; €, = 1250 fox /E 


Tension 


Sox 


Fig. 5.5. Stress—strain curve; based on the stress—strain relationship developed by Blass. 


These relationships are given in equations (6.21) and (6.22) of 6.3.2 in ECS. 

When the member is short and stocky, buckling will not occur and failure will be due 
to the timber failing under stress and in ECS this applies when both Ajj, and Ayei,, are 
<0.3. Inserting the characteristic values for fc.o,and Eo.o5 given in BS EN 338:2003 
[3] for softwood species into equation (5.3), when A,21 = 0.3, the maximum slenderness 
ratio of the member will be between 16.2 and 18.1, the range being slightly greater for 
hardwood species. For a member having a rectangular cross-section with a least lateral 
dimension, b, the effective length will be obtained from Lg = b/ nf (hg resulting in 
column lengths of 4.66b and 5.23b respectively. It is clear from these results that for 
most practical situations the design condition is likely to be based on a buckling failure 
rather than a stress failure. 

When Arei,y and/or A;e1,, exceed 0.3, the effect of member buckling has to be taken 
into account. From equation (5.3), at A,.) = 0.3, the factor of safety between failure by 
buckling under the Euler buckling load and failure by direct compression is approxi- 
mately 11. This is based on a theoretically idealised condition assuming no defects or 
out of alignment imperfections, and pure elastic behaviour applies. 

According to Blass [4], under axial load the stress—strain curve for timber will be 
as indicated in Figure 5.5 and using these relationships, taking into account the effects 
of increase in slenderness ratio and member imperfections, the buckling strength of 
compression members has been modelled [4]. The evaluation was based on a second- 
order plastic iterative analysis that incorporated the yield behaviour of timber and the 
consequent change in member stiffness, and the design guidance in ECS on members 
subjected to axial compression has been developed from this work. 

From the analyses, for different strengths of timber a plot of the characteristic buck- 
ling strength against slenderness ratio was obtained, and a typical plot showing the 
strength reduction as the slenderness ratio increased is shown in Figure 5.6. 

By covering the range of timber strength class properties and associated geometric 
imperfections, the buckling strengths at varying slenderness ratios were obtained for 
timber (and glued-laminated members). From these results, an approximate curve has 
been derived in terms of A,.,, (Of Arel,;) from which a buckling strength reduction 
factor, ke,y (or k,,,), called the instability factor in EC5, is obtained for solid timber, 
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0.4 


Strength reduction factor 


0.2 


0 18 50 100 150 200 
Slenderness ratio of member 


Fig. 5.6. Typical graph showing the strength reduction in a solid timber compression 
member as the slenderness ratio is increased. 


LVL (and glulam) members subjected to axial compression. The relevant equations are 


as follows, 
1 
Key OOD _"' VW (ECS, equation (6.25)) (5.4a) 
ky 1: je ae y 
1 
Kez ——OOOOOOZ  _"'_ IT (ECS, equation (6.26)) (5.4b) 
k, + je -_ Mee 
where 
ky = 0.5(1 + Bo(Aret,y — 0.3) + A2,,,) (ECS, equation (6.27)) (5.5a) 
kz = 0.5(1 + Bo(Aret,z — 0.3) + a2, ,) (EC5, equation (6.28)) (5.5b) 


and 6, has been derived from the analyses and applies to solid rectangular members 
compliant with the straightness limits given in Section 10 of ECS (i.e. the deviation 
from straightness measured midway between supports should be less than or equal to 
member length/300 for timber members and less than or equal to member length/500 
for LVL (and glulam) members) as well as the tolerance limits for member sizes. For 
these cases, equation (6.29) in ECS states 


B. = 0.2 for solid timber 


5.6 
= 0.1 for glued-laminated timber and LVL 8) 


From the above, the strength of the member at the design condition will be as follows, 


Buckling strength about the y—y axis = k..y fo,o, (5.7a) 
Buckling strength about the z—z axis = ke. fe.o,d (5.7b) 


where k,, and k,,, are as defined in equation (5.4) and f,0,q is the design compressive 
strength of the member parallel to the grain. 

An alternative to evaluating k,,, and k,,. using equations (5.4)—(5.6) is to use tables 
set out in terms of the strength class of the timber and the slenderness ratio of the 
member. Slenderness ratio, A, has been used rather than relative slenderness ratio, A;e1, 
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as it is the ratio UK designers are currently more familiar with and it also has a more 
direct relevance to the design process. The value of the instability factor for solid timber 
members of strength classes C14—CS50 in accordance with BS EN 338:2003 for a range 
of slenderness ratios up to 180 is given in Table 5.3. 

In Table 5.3 the lowest value of slenderness ratio given for each strength class is the 
value below which buckling will not arise and at which k,,, and k,,, will always be 
taken as unity. 

Using equations (5.3) to evaluate the relative slenderness ratio, A;<1, of the member 
about the y—y and z—z axes and taking account of the above, the EC5 procedure for 
the design of axially loaded elements is as follows. 


(a) Where both hyei,y aNd Arei,, are <0.3. 
Under this condition, the member will not buckle and the design requirement will be 
that the design stress does not exceed the design strength, i.e. 


Oc.0.d < feo. (ECS, equation (6.2)) (5.8) 


where 


* 0¢,0,4 is the design compressive stress parallel to the grain and: 


N 
Ceo, = = (5.9) 


where Nq is the design axial load and A is the cross-sectional area of the member. 
Sc.0,a 18 the design compressive strength parallel to the grain and: 


Kmod Keys 5 Fe,0,k 

YM 
where kmod is the modification factor for load duration and service classes as given 
in Table 2.4; k.y, is a strength factor for load-sharing systems. When dealing with 
single column members this factor is not relevant and is taken to be unity; yy 
is the partial coefficient for material properties, given in Table 2.6; <0 is the 
characteristic compressive strength of the timber or wood-based product parallel 
to the grain. Strength information for timber and the commonly used wood-based 
structural products is given in Chapter 1. 


fe.0,4 = (5.10) 


(b) Where Arel,y OF Arel,z (or both) > 0.3. 

Where Aye1,y OF Aret,z (or both) exceed 0.3, the member can buckle about the associated 
y—y and z—z axis, respectively, and for such a condition it must be demonstrated that 
when taking into account the effect of the related instability factors, the compressive 
stress in the member is less than the compressive strength of the member. This requires 


0¢,0,d 
when Arey > 0.3. —2— <1 (5.11a) 
key fe,0,d 
90¢,0,d 
when Are, > 0.3 ——— <1 (5.11b) 
Kez fe,0.d 


0,0, X Key + fe,o.d (5.12) 
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Table 5.3 Value of k,, or ke,, based on equations (6.25)—(6.29) inclusive in EC5 with 6, = 0.2 


Strength class C14 Strength class C16 Strength class C18 Strength class C22 


fe.o.k 14 N/mm? fe.o.k 16 N/mm? fe. 18 N/mm? fe.0.k 22 N/mm? 
Eo.05 4700 N/mm2 Eos 5400 N/mm? Eos 6000 N/mm? E.05 6700 N/mm? 


Xr Mrel key (ke,z) Xr Arel Key (ke,z) Xr Arel key (ke,z) A Arel key (ke,z) 


16.153 0.300 1.000 16.797 0.300 1.000 =: 17.207 0.300 1.000 —-17.250 0.300 1.000 
20 0.371 0.984 20 0.357 0.987 20 0.349 0.989 20 0.348 0.989 
25 0.464 0.960 25 0.446 0.965 25 0.436 0.968 25 0.435 0.968 
30 0.557 0.932 30 0.536 0.939 30 0.523 0.943 30 0.522 0.944 
35 0.650 0.899 = 35 0.625 0.908 35 0.610 0.914 35 0.609 0.915 
40 0.743 0.856 40 0.714 0.870 40 0.697 0.878 40 0.696 0.879 
45 0.836 0.804 45 0.804 0.823 45 0.785 0.834 45 0.783 0.835 
50 0.929 0.741 50 0.893 0.766 50 0.872 0.781 50 0.870 0.782 
55 1.021 0.673 55 0.982 0.702 55 0.959 0.720 55 0.957 0.721 
60 1.114 0.605 60 1.072 0.636 60 1.046 0.655 60 1.043 0.657 
65 1.207 0.540 65 1.161 0.572 65 1.133 0.591 = 65 1.130 0.593 
70 1.300 0.482 70 1.250 0.512 70 1.220 0.531 70 1.217 0.533 
75 1.393 0.430 75 1.339 0.459 75 1.308 0.477 = 75 1.304 0.479 
80 1.484 0.387 80 1.429 0.412 = 80 1.395 0.429 80 1.391 0.431 
85 1.579 0.347 = 85 1.518 0.371 85 1.482 0.387 = 85 1.478 0.389 
90 1.671 0.313 90 1.607 0.336 90 1.569 0.351 90 1.565 0.352 
95 1.764 0.284 = 95 1.697 0.305 = 95 1.656 0.318 95 1.652 0.320 
100 1.857 0.258 100 = 1.786 0.278 100 = 1.743 0.290 100 ~— 1.739 0.291 
105. 1.950 0.236 =6105. 1.875. 0.254 =6105— 1.831 0.265 =105 —s:1.826 0.267 
110). 2.043. 0.217) 110 —-11.965 0.233, 110)—)—:1.918 0.244 «6110 ~——:11.913 0.245 
5 = 2.136 0.199 115 = 2.0540.214 115 2.005 0.224 115 2.000 0.225 
120. 2.229 0.184 120 2.143 0.198 120 2.092 0.207 120 2.087 0.208 
125. 2.322 0.170 125 2.2320.183 125 2.179 0.192 125 2.174 0.193 
130) -2.4140.158 130 2.322 0.170 130 2.266 0.178 130 2.261 0.179 
135) 2.507 0.147) 135) 2.411 0.158 135 2.354 0.166 135 2.348 0.167 
140 92.600 0.137. 140 2.500 0.148 140 2.441 0.155 140 2.435 0.155 
145 2.693 0.128 145 2.590 0.138 145 2.528 0.145 145 2.522 0.145 
150) 2.786 0.120 150 2.679 0.129 150 2.615 0.136 150 2.609 0.136 
155 2.879 0.113) 155 2.768 0.122 155 -2.702 0.127 = 155 2.696 0.128 
160 2.972 0.106 160 2.858 0.114 160 2.789 0.120 160 2.783 0.120 
165 3.064 0.100 165 2.9470.108 165 2.877 0.113 165 2.870 0.113 
170 = 3.157 0.094. 3170 = 3.036 0.102 170 2.964 0.107 170 2.956 0.107 
175 3.250 0.089, «175. 3.125 0.096 3175 3.051 0.101 175 3.043 0.101 
180 = 3.343 0.084 =180 3.215 0.091 180 3.138 0.095 180 3.130 0.096 


Note: The relative slenderness ratio, Aye}, has been included for information. 


and 
0c,0,d S Kez 3 Se,0,4 (5.13) 


where 0.0.4 and f,,9,4 are as previously defined, and k,,, and k,,, are the instability 
factors defined in equations (5.4)—(5.6). 

The critical design condition arising from equations (5.12) and (5.13) will be the 
one with the lower value of instability factor, which will also be associated with the 
member having the highest slenderness ratio. 


See Example 5.7.1. 
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Table 5.3 (continued ) 


Strength class C24 


Strength class C27 


Strength class C30 


Strength class C35 


Fe.0.k 21 N/mm? 
Eos 7400 N/mm? 


Se.0.k 22 N/mm2 
E05 7700 N/mm2 


So.0.k 23 N/mm? 
Eo.05 8000 N/mm2 


Se.0.k 25 N/mm? 
Eo.0s5 8700 N/mm2 


A Arel ke y(Ke,z) A Atel ke y(Ke,z) A Arel Key (Ke,z) A Arel key (Ke,z) 


17.692 0.300 1.000 
20 0.339 0.991 
25 0.424 0.971 
30 0.509 0.948 
35 0.593 0.920 
40 0.678 0.887 
45 0.763 0.846 
50 0.848 0.796 
55 0.933 0.739 
60 1.017 0.676 
65 1.102 0.614 
70 1.187 0.554 
75 1.272 0.499 
80 1.357 0.450 
85 1.441 0.406 
90 1.526 0.368 
95 1.611 0.335 
100 =: 1.696 0.305 
105 1.780 0.279 
110 =: 1.865 0.256 
115 1.950 0.236 
120 = 2.035 0.218 
125 2.120 0.202 
130 = 2.204 0.188 
135. 2.289 0.175 
140 = 2.374 0.163 
145 2.459 0.153 
150 —-.2.544 0.143 
155 2.628 0.134 
160 = 2.713 0.126 
165 2.798 0.119 
170 =. 2.883 0.112 
175 2.967 0.106 
180 3.052 0.101 


17.632 0.300 1.000 
20 0.340 0.991 
29 0.425 0.970 
30 0.510 0.947 
35 0.596 0.919 
40 0.681 0.886 
45 0.766 0.844 
50 0.851 0.794 
55 0.936 0.736 
60 1.021 0.674 
65 1.106 0.611 
70 1.191 0.551 
75 1.276 0.496 
80 1.361 0.447 
85 1.446 0.404 
90 1.531 0.366 
95 1.616 0.333 
100 ~—-1.701 0.303 
105 1.787 0.278 
110. — 1.872 0.255 
115 1.957 0.235 
120 = 2.042 0.217 
125. 2.127 0.201 
130 = 2.212 0.186 
135 2.297 0.174 
140 = 2.382 0.162 
145 2.467 0.152 
150 2.552 0.142 
155 2.637 0.133 
160 =.2.722 0.126 
165 2.807 0.118 
170 =. 2.892 0.112 
175 2.978 0.106 
180 3.063 0.100 


17.577 0.300 1.000 
20 0.341 0.991 
25 0.427 0.970 
30 0.512 0.947 
35 0.597 0.919 
40 0.683 0.885 
45 0.768 0.843 
50 0.853 0.793 
55 0.939 0.734 
60 1.024 0.671 
65 1.109 0.608 
70 1.195 0.548 
75 1.280 0.494 
80 1.365 0.445 
85 1.451 0.402 
90 1.536 0.364 
95 1.621 0.331 
100 =: 1.707 0.302 
105 1.792 0.276 
110 = 1.877 0.253 
115. 1.963 0.233 
120 = 2.048 0.216 
125 2.133 0.200 
130 = 2.219 0.185 
135 2.304 0.173 
140 = 2.389 0.161 
145 2.475 0.151 
150 2.560 0.141 
155 2.645 0.133 
160 = 2.731 0.125 
165 = 2.816 0.118 
170 =. 2.901 0.111 
175. 2.987 0.105 
180 3.072 0.099 


17.582 0.300 1.000 
20 0.341 0.991 
25 0.427 0.970 
30 0.512 0.947 
35 0.597 0.919 
40 0.683 0.885 
45 0.768 0.843 
50 0.853 0.793 
55 0.938 0.734 
60 1.024 0.672 
65 1.109 0.608 
70 1.194 0.549 
75 1.280 0.494 
80 1.365 0.445 
85 1.450 0.402 
90 1.536 0.364 
95 1.621 0.331 
100 = 1.706 0.302 
105 1.792 0.276 
110 = 1.877 0.253 
115 1.962 0.233 
120 = 2.048 0.216 
125 2.133 0.200 
130 2.218 0.185 
135 2.304 0.173 
140 = 2.389 0.161 
145 2.474 0.151 
150 -.2.559 0.141 
155 2.645 0.133 
160 =. 2.730 0.125 
165 2.815 0.118 
170 =. 2.901 0.111 
175 2.986 0.105 
180 3.071 0.100 


5.3.2 Members subjected to compression at an angle to the grain 


Note: The relative slenderness ratio, Aye}, has been included for information. 


This is an ultimate limit state condition and using the empirical relationship developed 
by Hankinson [5] the failure strength of a wood-related product when subjected to a 
resultant compressive action at an angle @ to the grain, fo,., aS shown in Figure 5.7, 
can be writtenin terms of its strength parallel to the grain (f¢,9) and perpendicular to 
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Table 5.3 (continued ) 


Strength class C40 Strength class C45 Strength class C50 
Fe.0.k 26 N/mm? Sook 27 N/mm? Seok 29 N/mm? 

Eo.9s 9400 N/mm? Eo.os 10000 N/mm? Eo.9s 10700 N/mm? 
Xr Arel key (kez) A Arel key (Ke,z) A Arel key (ke,z) 
17.920 0.300 = 1.000 17.920 0.300 1.000 17.920 0.300 1.000 
20 0.335 0.992 20 0.331 0.993 20 0.331 0.993 
25 0.419 0.972 25 0.413 0.973 25 0.414 0.973 
30 0.502 0.950 30 0.496 0.951 30 0.497 0.951 
35 0.586 0.923 35 0.579 0.925 35 0.580 0.925 
40 0.670 0.890 40 0.662 0.894 40 0.663 0.893 
45 0.753 0.851 45 0.744 0.855 45 0.746 0.855 
50 0.837 0.803 50 0.827 0.809 50 0.829 0.808 
55 0.921 0.747 55 0.910 0.755 55 0.911 0.754 
60 1.004 0.686 60 0.992 0.695 60 0.994 0.694 
65 1.088 0.624 65 1.075 0.633 65 1.077. 0.632 
70 1.172 0.564 70 1.158 = 0.574 70 1.160 0.572 
75 1.256 0.509 75 1.240 0.518 75 1.243, 0.517 
80 1.339 0.459 80 1.323 0.468 80 1.326 0.467 
85 1.423 0.415 85 1.406 0.424 85 1.409 0.422 
90 1.507 0.376 90 1.489 0.384 90 1.491 0.383 
95 1.590 0.342 95 1.571 0.350 95 1.574 0.348 
100 1.674 0.312 100 1.654 0.319 100 1.657 0.318 
105 1.758 0.286 105 1.737. 0.292 105 1.740 0.291 
110 1.841 0.263 110 1.819 0.268 110 1.823 0.267 
115 1.925 0.242 115 1.902 0.247 115 1.906 0.246 
120 2.009 0.223 120 1.985 0.229 120 1.989 0.228 
125 2.093 0.207 125 2.067 0.212 125 2.071 0.211 
130 2.176 0.192 130 2.150 0.197 130 2.154 0.196 
135 2.260 0.179 135 2.233 =—-0.183 135 2.237 = 0.183 
140 2.344 0.167 140 2.316 0.171 140 2.320 0.170 
145 2.427 0.156 145 2.398 0.160 145 2.403 0.159 
150 2.511 0.147 150 2.481 0.150 150 2.486 0.149 
155 2.595 0.138 155 2.564 0.141 155 2.569 0.140 
160 2.267 0.130 160 2.646 0.133 160 2.651 0.132 
165 2.762 0.122 165 2.729 0.125 165 2.734 0.124 
170 2.846 0.115 170 2.812 0.118 170 2.817 0.118 
175 2.930 0.109 175 2.894 0.112 175 2.900 0.111 
180 3.013 0.103 180 2.977 0.106 180 2.983 0.105 

Note: The relative slenderness ratio, A;e1, has been included for information. 


the grain (fo,99) as follows: 


Fe,0 fe,90 


~ Feo sin” a& + fe.99 COS” a 


Sova 


The value of the exponent n for wood-related products is generally taken to be 2 and 
from the relationship given in equation (4.22) for members loaded in compression 
perpendicular to the grain (i.e. Ke,99 fc,90,a) the compressive strength of the material at 
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Table 5.3 Value of k,,) or ke,, based on equations (6.25)-(6.29) inclusive in EC5 with B, = 0.1. 


Strength class C14 Strength class C16 Strength class C18 Strength class C22 


fe. 16 N/mm? fe.o. 17 N/mm? feo. 18 N/mm? fe.o.k 20 N/mm? 
Eos 4700 N/mm? Eo.05 5400 N/mm2 Eo.05 6000 N/mm2 Eos 6700 N/mm? 


Xr Arel ke y(Ke,z) zy Arel ke y(ke,z) A Atel Key (Ke,z) 7 Arel Key (Ke,z) 


16.153 0.300 1.000 16.797 0.300 1.000 ~=—:17.207 0.300 1.000 —-17.250 0.300 1.000 
20 0.371 0.992 20 0.357 0.993 20 0.349 0.994 20 0.348 0.995 
25 0.464 0.980 25 0.446 0.982 25 0.436 0.984 25 0.435 0.984 
30 0.557 0.965 30 0.536 0.968 30 0.523 0.971 30 0.522 0.971 
35 0.650 0.945 35 0.625 0.951 35 0.610 0.954 35 0.609 0.954 
40 0.743 0.918 40 0.714 0.927 40 0.697 0.932 40 0.696 0.933 
45 0.836 0.878 45 0.804 0.894 45 0.785 0.902 45 0.783 0.903 
50 0.929 0.822 50 0.893 0.846 50 0.872 0.859 50 0.870 0.860 
55 1.021 0.750 55 0.982 0.782 55 0.959 0.800 55 0.957 0.802 
60 1.114 0.671 60 1.072 0.708 60 1.046 0.730 60 1.043 0.732 
65 1.207 0.595 65 1.161 0.632 65 1.133 0.655 = 65 1.130 0.658 
70 1.300 0.526 70 1.250 0.562 70 1.220 0.584 =70 1.217 0.587 
75 1.393 0.466 75 1.339 0.500 = 75 1.308 0.521 75 1.304 0.523 
80 1.484 0.416 80 1.429 0.445 80 1.395 0.465 80 1.391 0.467 
85 1.579 0.371 = 85 1.518 0.399 = 85 1.482 0.417 85 1.478 0.419 
90 1.671 0.333 90 1.607 0.359 = 90 1.569 0.375 90 1.565 0.377 
95 1.764 0.301 95 1.697 0.324 95 1.656 0.339 = 95, 1.652 0.341 
100 =-1.857 0.273, 100 ~——:11.786 0.294 =100_~—-11.743 0.308 ~=— 100 ~——s—1.739 0.309 
105. 1.950 0.249 «105s -11.875 0.268 =6105—s:11.831 0.281 = =105—:1.826 0.282 
110) -2.043 0.227, 110s -11.965 0.245 «110s -11.918 0.257) 110 ~——:11.913 0.258 
115 2.136 0.209) 115) 2.054. 0.225, 115 2.005 0.236 = 115 2.000 0.237 
120) 2.229 0.192 120) 2.143 0.207. 120 = 2.092 0.217. = 120 ~—. 2.087 0.218 
1259 2.322 0.177) = 125) 2.232 0.191 125) 2.179 0.201 125 = 2.174 0.202 
130 «2.414 0.164 130 2.322 0.177 130 2.2660.186 130 2.261 0.187 
135) 2.507 0.153. 135. 2.411 0.165 135 2.354 0.173 135 = 2.348 0.174 
140 2.600 0.142 140 2.5000.154 140 2.441 0.161 140 2.435 0.162 
145 2.693 0.133. 145) 2.590 0.143 145 -2.528 0.150 39145 2.522 0.151 
150) 2.786 0.124 150 2.679 0.134 150 2.615 0.141 150 2.609 0.141 
155) 2.879 0.117) 155) 2.768 0.126 89155 2.702 0.132, 155 2.696 0.133 
160 = 2.972 0.110 160 2.858 0.118 160 2.789 0.124 160 2.783 0.125 
165 3.064 0.103 165 2.947 0.111 165 2.877 0.117 165 2.870 0.117 
170 =3.157 0.097, 170 = 3.036. 0.105 170 2.964 0.110 170 2.956 0.111 
175. 3.250 0.089 =«175) 3.125 0.099 «175 3.051 0.104 175 = 3.043 0.105 
180 3.343 0.084 180 3.215 0.094 180 3.138 0.098 180 3.130 0.099 


Note: The relative slenderness ratio, Aye}, has been included for information. 


this angle, fo.a,4, can be written as: 


fe,0,d 
Sead = —— (5.14) 
- food _ gin? @ + cos? a 


ke.90 fe,90,d 
where the function f,.9,4 is as described in 5.3.1, and f¢,90,q is the design compressive 


strength perpendicular to the timber grain and is obtained as described in equation 
(4.23) and k¢,99 is as described against equation (4.23). 
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Table 5.3 (continued ) 


Strength class C24 Strength class C27 Strength class C30 Strength class C35 


Se.0.k 21 N/mm? Se.0.k 22 N/mm? Fe.0.k 23 N/mm? Se.0.k 25 N/mm? 
Eos 7400 N/mm2 Eos 7700 N/mm? Eo.05 8000 N/mm? Eo.05 8700 N/mm? 


Xr Mrel key (ke,z) Xr Arel key (ke,z) Xr Arel key (ke,z) Xr Arel key (ke,z) 


17.692 0.300 1.000 17.632 0.300 1.000 = 17.577 0.300 1.000 —-:17.582 0.300 1.000 
20 0.339 0.996 20 0.340 0.995 20 0.341 0.995 20 0.341 0.995 
25 0.424 0.985 = 25 0.425 0.985 25 0.427 0.985 = 25 0.427 0.985 
30 0.509 0.973 30 0.510 0.973 30 0.512 0.972 30 0.512 0.972 
35 0.593 0.958 35 0.596 0.957 35 0.597 0.957 35 0.597 0.957 
40 0.678 0.938 40 0.681 0.937 40 0.683 0.936 40 0.683 0.936 
45 0.763 0.910 45 0.766 0.909 45 0.768 0.908 45 0.768 0.908 
50 0.848 0.872 50 0.851 0.870 50 0.853 0.869 50 0.853 0.869 
55 0.933 0.819 55 0.936 0.817 55 0.939 0.815 55 0.938 0.815 
60 1.017 0.754 60 1.021 0.751 60 1.024 0.748 60 1.024 0.749 
65 1.102 0.682 65 1.106 0.679 = 65 1.109 0.676 65 1.109 0.676 
70 1.187 0.611 70 1.191 0.608 70 1.195 0.605 70 1.194 0.605 
75 1.272 0.546 75 1.276 0.543 75 1.280 0.540 75 1.280 0.540 
80 1.357 0.489 = 80 1.361 0.486 80 1.365 0.483 80 1.365 0.483 
85 1.441 0.438 = 85 1.446 0.436 = 85 1.451 0.433 85 1.450 0.434 
90 1.526 0.395 90 1.531 0.393 90 1.536 0.390 90 1.536 0.390 
95 1.611 0.357 95 1.616 0.355 = 95 1.621 0.353 95 1.621 0.353 
100 = 1.696 0.324 =100 = 1.701 0.322. 100 1.707 0.321 100 ~~ 1.706 0.321 
105 1.780 0.296 =105—s 1.787 0.294 =105 1.792 0.292, =: 105 —s 1.792 0.292 
110.) 1.865 0.271 110 1.872 0.269 110 = =1.877 0.267. 110 ~—-1.877 0.268 
115 1.950 0.249, 115) 1.957 0.247) 115 :1.963 0.246 = 115 1.962 0.246 
120 =. 2.035. 0.229, 120) =. 2.042 0.228 §=6120) = 2.048 0.226 §=6120 ~—.2.048 0.226 
125. 2.120 0.212) 12500 -2.1270.210 $125) = 2.133 0.209 $125 = 2.133 0.209 
130) 2.204 0.196 130 2.2120.195 130 2.2190.194 130 2.218 0.194 
135. 2.289 0.182 135 = 2.297 0.181 135 2.304 0.180 135 2.304 0.180 
140 2.374 0.170 140 2.382 0.169 140 2.389 0.168 140 2.389 0.168 
145 2.459 0.159 145 2.4670.158 145 2.475 0.157 145 2.474 0.157 
150 2.544 0.149) 150 92.552 0.148 =150 =—.2.560 0.147, 150) =——-.2.559 0.147 
155) 2.628 0.139 «155 2.637 0.138 39155 2.645 0.138 = 155 2.645 0.138 
160 =. 2.713 0.131 160 2.722 0.130 160 2.731 0.129 160 2.730 0.129 
165 2.798 0.123, 165 = 2.807 0.122 165 2.816 0.122 165 2.815 0.122 
170 =. 2.883 0.116 170 2.892 0.115 170 2.901 0.115 170 2.901 0.115 
175 2.967 0.110 175 2.978 0.109 175 2.987 0.108 175 2.986 0.108 
180 93.052 0.104 180 3.063 0.103 180 3.072 0.103 180 3.071 0.103 


Note: The relative slenderness ratio, Aye}, has been included for information. 


This is the strength criteria used in ECS and where the member in Figure 5.7 is b mm 
wide and subjected to a design compressive stress, O¢..4,4, at an angle @ to the grain, 
from equation (5.14) the design condition to be satisfied will be 


fe,0,4 


sin? a + cos? a 


(ECS, equation (6.16)) (5.15) 


Pc,a.d = Se,o.d 


ke.90 fe.90,d 


Design of Compression Members and Walls 161 


Table 5.3 (continued ) 


Strength class C40 Strength class C45 Strength class C50 
Se.0.k 26 N/mm? Se.0.k 27 N/mm? Fe.0.k 29 N/mm? 
E95 9400 N/mm? E95 10000 N/mm? Eo.9s 10700 N/mm? 
A Arel Key (Ke,z) A Arel key (Ke,z) a Arel key (ke,z) 
17.920 0.300 1.000 17.920 0.300 1.000 17.920 0.300 1.000 
20 0.335 0.996 20 0.331 0.997 20 0.331 0.996 
25 0.419 0.986 25 0.413 0.987 25 0.414 0.986 
30 0.502 0.974 30 0.496 0.975 30 0.497 0.975 
35 0.586 0.959 35 0.579 0.960 35 0.580 0.960 
40 0.670 0.940 40 0.662 0.942 40 0.663 0.942 
45 0.753 0.914 45 0.744 0.917 45 0.746 0.917 
50 0.837 0.878 50 0.827 0.883 50 0.829 0.882 
55 0.921 0.828 55 0.910 0.835 55 0.911 0.834 
60 1.004 0.765 60 0.992 0.774 60 0.994 0.773 
65 1.088 0.694 65 1.075 0.705 65 1.077. 0.703 
70 1.172 0.623 70 1.158 0.635 70 1.160 0.633 
75 1.256 0.558 75 1.240 0.569 75 1.243 0.567 
80 1.339 0.500 80 1.323 0.510 80 1.326 0.509 
85 1.423 0.449 85 1.406 0.459 85 1.409 0.457 
90 1.507 0.404 90 1.489 30.413 90 1.491 0.412 
95 1.590 0.366 95 1.571 0.374 95 1.574 0.373 
100 1.674 0.332 100 1.654 0.340 100 1.657 0.339 
105 1.758 0.303 105 1.737. 0.310 105 1.740 0.309 
110 1.841 0.277 110 1.819 0.284 110 1.823 0.283 
115 1.925 0.255 115 1.902 0.261 115 1.906 0.260 
120 2.009 0.235 120 1.985 0.240 120 1.989 0.239 
125 2.093 0.217 125 2.067 0.222 125 2.071 0.221 
130 2.176 0.201 130 2.150 0.206 130 2.154 0.205 
135 2.260 0.187 135 2.233 0.191 135 2.237 =0.191 
140 2.344 0.174 140 2.316 0.178 140 2.320 0.178 
145 2.427 0.163 145 2.398 0.167 145 2.403 0.166 
150 2.511 0.152 150 2.481 0.156 150 2.486 0.155 
155 2.595 0.143 155 2.564 0.146 155 2.569 0.146 
160 2.679 0.134 160 2.646 0.137 160 2.651 0.137 
165 2.762 0.126 165 2.729 0.129 165 2.734 0.129 
170 2.846 0.119 170 2.812 0.122 170 2.817 0.122 
175 2.930 0.113 175 2.894 0.115 175 2.900 0.115 
180 3.013 0.107 180 2.977 0.109 180 2.983 0.109 
Note: The relative slenderness ratio, Aye), has been included for information. 


where the functions are as previously described and o¢,,4 is the design compressive 
stress, and if it is generated by a design load Ng acting over the loaded area (bh/cosa), 


then: 


Oc,a,d = 


Na cos a 


bh 
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Fig. 5.7. Compressive strength of a member loaded at an angle @ to the grain. 


5.3.3. Members subjected to axial tension 


These are members that are subjected to a tensile action acting parallel to the grain and 
through the centroidal x—x axis of the member as shown in Figure 5.8. Such members 
function as ties in pin jointed trusses and provide tensile resistance to overturning forces 
in stud walls. 

Although the tensile strength, ft,0,, of clear wood samples is greater than the com- 
pression strength, f. 9.x, because tension failure occurs in a brittle rather than a ductile 
mode and also because of its sensitivity to the effects of grain slope, knots and other 
defects, the tensile strength of structural timber is generally less than the compression 
strength. This is particularly the case at the lower strength classes. 

With tension members buckling will not arise and so slenderness considerations are 
only relevant if there is a risk of a stress reversal condition, for example due to the 
effect of wind loading on members in truss frameworks or in wall studs. 

A tension member should be checked at the weakest point and this will normally be 
at connections. As connection design will follow after the member has been selected, 
the design of tension members normally involves a trial and error process. Assumptions 
are made as to the type and size of connections to be used and the adequacy of the 
tension member is confirmed at the connection location allowing for a loss of area due 
to the assumed connection. After the connections have been designed, the member is 
rechecked taking into account the actual net cross-sectional area. It is to be noted that in 
ECS, 5.2 (3), the effect of loss of cross-sectional area may be ignored where nails and 
screws with a diameter of 6 mm or less driven without pre-drilling are used. However, 
as required by EC5, 5.2 (4), all holes within a distance of half the minimum fastener 
spacing measured parallel to the grain from a given cross-section should be taken as 
occurring at that cross-section. 

The EC5 procedure for the design of axially loaded members is as follows: 


The design tensile stress in the member must be less than the design tensile strength: 


01.0.4 < fod (ECS, equation (6.1)) (5.16) 


Fig. 5.8. Axial tension. 
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where: 


* 6:0,4 is the design tensile stress parallel to the grain, and 


Na 


(5.17) 


Ot,0,d = 
net 
where Ng is the design axial load and Aye is the net cross-sectional area after 
allowing for the effect of the connection. If the connections are different at each 
end of the member, the end with the minimum net cross-sectional area must be 
used. 
Ji.o,a is the design tensile strength parallel to grain, and 


Kmod . Keys 2 kp ii Siok 
YM 


where Koa and ky; are as defined in equation (5.10), and ky is the size effect 
modification factor for members under tension, discussed in Chapter 2 and given 
in Table 2.11. The largest cross-sectional dimension of the member should be 
used to evaluate the factor. When dealing with LVL, the factor is defined as ke, 
and is associated with member length. fo, is the characteristic tensile strength 
of the timber or wood-based product parallel to the grain. Strength information 
for timber and the commonly used wood-based structural products is given in 
Chapter 1. 


See Example 5.7.2. 


ft,0,a = 


(5.18) 


5.4 MEMBERS SUBJECTED TO COMBINED BENDING AND AXIAL LOADING 


Where the effects of instability have to be taken into account in ECS, the strength 
validation requirements for a column subjected to combined compression and bending 
are different to the strength validation requirements for a beam subjected to combined 
compression and bending. 

It is accepted that there are cases where different rules will apply, however it is 
considered that a general categorisation may be unsafe and the design procedure given 
in the following sub-sections applies to any member subjected to combined axial 
compression and bending with limitations given for the applicability of the procedure 
in line with the criteria used in EC5. 


5.4.1. Where lateral torsional instability due to bending about the 
major axis will not occur 


These are members that are subjected to a combination of direct compression and 
bending, and where lateral torsional instability of the member cannot occur. This im- 
plies that the relative slenderness for bending, A;el,m, about the major axis (described 
in 4.5.1.2), will be <0.75. Members subjected to combined axial and lateral loading 
or, as shown in Figure 5.9, to eccentric compressive loading acting along the direction 
of the x—x axis, come into this category. 
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Fig. 5.9. Eccentric loading. 


The behaviour of a member under pure axial compression is discussed in 5.3.1 and, 
where lateral torsional instability cannot occur, two failure modes can arise: 


(a) When both A,e1,y and Aye, are <0.3, buckling behaviour is not relevant and 
failure will be based on the compressive strength of the member. 

(b) If either A;e1,y OF Arel,, is >0.3, buckling can arise and failure will be based on 
the compression strength of the member multiplied by the associated instability 
factor, i.e. key (or Ke,z). 


The design requirements in ECS for the above conditions are as follows: 


(a) Both Ayet,y ANd dyet,z are <0.3. 
As there is no strength reduction due to buckling under this condition, ECS takes 
advantage of the strength benefits associated with the plastic behaviour of timber when 
subjected to compression stresses. 

Figure 5.10 shows interaction diagrams for a member subjected to combined bending 
moment and axial compression based on the application of elastic and plastic theory. 
Under elastic theory, the failure condition will occur when the combined compression 
stress in the member reaches the compressive strength of the material. When plastic 
theory applies, the material yields when it reaches the compressive strength allowing 
the stress in the section to extend over the surface and enhance its strength. 

With the elastic theory approach, the sum of the combined axial and bending stress to 
strength ratios cannot exceed unity. With the plastic theory solution however, the axial 
stress to axial strength ratio becomes a squared function enabling the member to take a 
higher value of bending stress to bending strength ratio for the same value of axial stress 
to strength ratio. For example, with an axial stress to strength ratio of 0.51, the strength 
increase when using plastic theory rather than elastic theory is approximately 50%. 

Because of the plastic behaviour of timber under compression, EC5 adopts the plastic 
theory approach when both A,¢1,, and A;e1,, are <0.3, and the interaction diagram for the 
design of members subjected to combined bending and axial compression with factor 
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Fig. 5.10. Interaction diagrams for combined bending and axial compression of a member about an 
axis. 


Km applied to the ratio of moments about the z—z axis will be as shown in Figure 5.11. 
The design equations for this condition and for the other condition where the k,, factor 
is applied to the ratio of moments about the y—y axis are: 


9¢,0,d Om,y,d Om,z,d : 

( ) + + kn <1 (ECS, equation (6.19)) (5.19) 
Te.0.d Sm,y,d Snzd 
9¢,0,d Om,y,d Om,z,d . 

( ) + kn + <i (ECS, equation (6.20)) (5.20) 
fe,0,4 Smy,d — fm,z,d 


where the bending stress functions are as defined in Chapter 4 and, because of size 
factors, the bending strengths can differ about the y—y and z—z axes. 

As equations (5.19) and (5.20) do not include for the effects of lateral torsional 
instability, they are only valid for the cases where lateral torsional buckling of the 


Failure condition: 
((N/N,) +kimM/Mu+My/Myy ) 1 


NINy 


My/Muy 


Fig. 5.11. Axial force-moment interaction curve for bi-axial bending when both Aj, and 
Arel,z < 0.3 and with factor k,, applied to the ratio of moments about the z—z axis. 
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Fig. 5.12. Axial force-moment interaction curve for bi-axial bending when either A;e1,y or 
Arel,z > 0.3, and with factor k,, applied to the ratio of moments about the z—z axis. 


member cannot occur or is prevented (e.g. members whose cross-section is square 
or circular, or the relative slenderness ratio for bending is <0.75). If lateral torsional 
instability can occur, the equations are valid when the member can only be subjected 
to bending about the weak axis. 


(b) [Arey and/or Arei,, > 0.3. 
Under this condition, because axial load buckling effects have to be taken into account, 
no benefit is taken of any plastic behaviour in the member and the ultimate load is 
achieved when the material reaches its failure strength in the extreme fibre. This is in 
line with the elastic theory interaction approach shown in Figure 5.10a. 

With this approach, the EC5 procedure for the design of members subjected to 
combined bending and axial compression when Ay,e1,y and/or A;e,, exceed 0.3 is as 
shown in Figure 5.12 and requires: 


Set. gm 4g Pa ey (ECS, equation (6.23)) (5.21) 
Key fe.0,d tm,y,d Fm,zd 


Se. sg SE PE ee (ECS, equation (6.24)) (5.22) 

Kez fe,0,d Tmy.d Timz.d = 

where the functions remain as previously defined and, as with equations (5.19) and 

(5.20), where size factors are relevant, the bending strengths about the y—y and z—z 
axes can differ. 

As in 5.4.1(a), equations (5.21) and (5.22) are only valid for situations where lateral 
torsional buckling of the member will not or cannot occur, otherwise the member can 
only be subjected to bending about the weak axis. 

In the case where there is axial loading and bending only about the major y—y axis, 
the strength validation equations will reduce to equation (5.23): 


9¢,0,d Om,y,d 
Od yg Omyd (5.23) 
Kez fe,0,d Fmy,a 
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Fig. 5.13. Interaction diagram for combined axial loading and bending about the y—y axis. 


Equation (5.23) is valid for the condition where lateral torsional buckling will not 
occur, 1.€. Arelm < 0.75, at which kg,it = 1. For this situation the boundary condition 
for equation (5.23), based on the use of solid timber, LVL (or glulam) rectangular 
sections, will be as defined by the solid line in Figure 5.13. 

Where the relative slenderness ratio for bending exceeds 0.75, the EC5 strength 
criteria will be as given in 5.4.2. 


See Example 5.7.3. 


5.4.2 Lateral torsional instability under the effect of bending about the major axis 


This situation will apply to members that are subjected to a combination of direct com- 
pression and bending about the major axis only, and where lateral torsional instability 
of the member can occur. This will apply to members in which the relative slenderness 
ratio for bending about the major axis, Aye), m, is greater than 0.75. No condition is given 
for a member subjected to axial compression with bending about the y—y and the x—x 
axes and A;ei,m iS greater than 0.75. 

For the condition where a member is subjected to direct compression and bending 
about the major axis and lateral torsional instability of the member can occur, no plastic 
behaviour is allowed to occur under the effects of the axial load but is permitted under 
the effect of the moment. The interaction between axial load and moment at failure is 
based on a solution involving plastic behaviour similar to that shown in Figure 5.10b 
and the design requirement is: 


2 

( oud ) fe ee | (ECS, equation (6.35)) (5.24) 
Kerit fm.d Kez fe,0.d 

where the terms are as previously described, and o,,,4 is the design bending stresses 

about the strong axes y—y, and 0m.q = My a/Wy,, where M), 4 is the design bending 

moment about the y—y axis and Wy, is the associated section modulus; o,4 is the 
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Fig. 5.14. Comparison between equation (5.24) (when keri, = 1) and equation (5.23). 


design compressive stress and equates to 0¢,9,q as defined in equation (5.10); Kerit is the 
factor that takes into account the reduced bending strength due to lateral buckling. It 
is discussed in Chapter 4 and defined in Table 4.3. 

In applying equation (5.24) it is to be noted that if the relative slenderness ratio for 
bending of the member, A;ei,m, is close to 0.75, because there is no bending about the 
z-z axis, the member state can also be considered to approximate the same condition 
as addressed by equation (5.23). 

A comparison of equations (5.23) and (5.24) is shown in Figure 5.14. 

For such a condition, when om,y,4/fm,y,q < 0.7, equation (5.23) will dictate the 
limiting design condition and when oy,),4/fm,y,a > 0.7, equation (5.24) should be 
complied with. 


See Example 5.7.4. 


5.4.3 Members subjected to combined bending and axial tension 


Although an element of plastic behaviour due to bending is permitted, because members 
in tension fail in a brittle mode, EC5 takes the approach that the ultimate load will be 
achieved when the material reaches its failure strength in the extreme fibre. This is in 
line with the elastic theory solution shown in Figure 5.10a. 
From this the design requirement for members subjected to combined bending and 
axial tension, given in ECS, 6.2.3(1)P, is as follows: 
O.0,d Om,y,d dee, Om,z,d 


Sfio.d Sim.y,d Sm,z,d 
SLL esa Fa eT (EC5, equation (6.18)) (5.26) 
fio,d Fmy.d Fmza 


where the functions remain as previously defined. 


<1 (ECS, equation (6.17)) (5.25) 
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Fig. 5.15. Stud walls during construction. 


Equations (5.25) and (5.26) assume that lateral torsional buckling of the member 
when bent about its major axis (y—y) is prevented. Where this is not the case, and for 
the cases where the axial tensile stress is small, the members should also be checked 
to comply with the EC5 requirements for a beam subjected to bending, taking into 
account lateral torsional instability effects, as described in Chapter 4. 


See Example 5.7.5. 


5.5 DESIGN OF STUD WALLS 


In timber frame construction, the main functions of walls are to provide vertical support 
for floor and roof structures and strength and stability against the effects of lateral 
loading, generally caused by wind actions. 

The design of walls subjected to vertical loading and out of plane lateral actions, 
and where the sheathing is not designed to function compositely with the wall studs, 
is addressed in this chapter. The strength of stud walling in which the sheathing and 
the studs are designed to function as a composite section is covered in Chapter 8 and 
the in-plane racking strength of a wall is addressed in Chapter 7. Design guidance on 
how to calculate the lateral deflection of walls under combined out of plane bending 
and axial load is given in this chapter. Examples of stud walls during construction are 
shown in Figure 5.15. 


5.5.1 Design of load-bearing walls 


This covers the design of walls subjected to axial stresses as well as a combination 
of axial stress and bending stress due to the effect of out of plane actions (e.g. wind 
loading). 

In general, load-bearing walls in timber-framed buildings are constructed using ver- 
tical timber members spaced at regular intervals and secured at their ends to continuous 
timber header and sole plates, as shown in Figure 5.16. 
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Fig. 5.16. Details of a typical stud wall (insulation, breather membrane, etc. not 
shown). 


The vertical timbers are generally called studs and the walls are commonly referred 
to as stud walls. The studs are aligned so that the stronger axis (y—y) is parallel to 
the face of the wall and are secured in position by the header and sole plates, as 
shown in Figure 5.17. In-plane restraint is provided by battens that are prevented from 
moving laterally by diagonal or equivalent bracing members and that function during 
construction as well as for persistent design situations. If the wall sheathing cannot 
provide adequate lateral resistance, provided diagonal or equivalent bracing is used, 
the effective length of the stud about the z—z axis will be based on the greatest length 
of stud between the plate and the batten support. Where the sheathing material is able 
to provide adequate lateral restraint, the risk of buckling of the studs about the z—z axis 
can be ignored. Adequate lateral resistance will be provided by the sheathing material, 
provided it is secured to the studs and plates in accordance with the manufacturer’s 
fixing recommendations or as required by the design. If sheathing is only fixed to one 
side of the wall, the studs will not be fully restrained laterally and a reduced effective 
length should be used. 

It is unlikely that stud walls will have any degree of fixity at their ends and, for out 
of plane buckling about the y—y axis, the studs are considered to be effectively held in 
position and torsionally restrained by the fixings to the header and sole plates but are 
free to rotate laterally at these positions. The effective length of the stud about this axis 
is taken to equal the height of the stud wall. 
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Fig. 5.17. Typical stud wall construction. 


The strength of the wall is primarily derived from the studs and all concentrated 
loading should be located directly over the studs and not in the span area of the header 
plate. For any loading over the span area, the plate must be checked to confirm whether 
it can function satisfactorily as a beam or alternatively additional studs can be inserted 
to carry the load. 

When several equally spaced similar members are laterally connected by a con- 
tinuous load distribution system, ECS permits the member strength properties to be 
multiplied by a system strength factor, k,y,, as discussed in 2.3.7. In the case of stud 
walls, provided the sheathing is secured to the studs and plates in accordance with the 
manufacturer’s fixing recommendations, it will function as a continuous load distribu- 
tion system, allowing the k,,, factor to be used. Because the header and sole plates are 
single members the factor will not apply to these elements, but it will be relevant to 
the studs, being applied to the compression strength, /.9,,, and bending strength, fix. 
The factor is defined in ECS, 6.7, and where the stud spacing is no greater than 610 
mm centre to centre and the sheathing is fixed to the studs in accordance with the fix- 
ing manufacturer’s recommendations, or in accordance with the design requirements, 
based on experience in the United Kingdom with such structures where there are four 
or more wall studs, ky, can be taken to equal 1.1. For stud spacing greater than 610 mm 
centre to centre or the sheathing is not properly secured, unless it can be demonstrated 
by calculation, the factor should be taken to equal 1. 
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5.5.1.1 Design of stud walls subjected to axial compression 

5.5.1.1.1 Stud design 
(a) Where the relative slenderness ratios Ayel,y aNd Ayel,z are >0.3. 
This condition will normally apply when there is no sheathing or the sheathing is not 
adequately secured to the studs and plates and the design requirement will be: 


9¢,0,d ¢,0,d 

ate a ee (5.27) 

Key fe,0,d Kez fe,0,d 
Le. 

9¢,0,d = Key . Se,0,d (5.28a) 
and 

O,0,d < kez + food (5.28b) 
where o,,0,4 is the design compressive stress parallel to the grain and 

Na 
F.0d = (5.29) 


where Ng is the design axial load on the stud and A is its cross-sectional area; fo.0,4 iS 
the design compressive strength of the stud parallel to the grain and 
Kmod * Keys * Fe.0,k 
YM 

where the functions are as previously defined and k,,, = 1 for the cases where the 
sheathing is not adequately secured to the studs. 

The design procedure is as described in 5.3.1 for the design of a compression member 
under axial load. The critical design condition arising from equations (5.28a) and 


(5.28b) will be the one with the lowest value of instability factor and will be associated 
with the highest slenderness ratio of the stud. 


Fc,0,4 = (5.30) 


(b) Where the relative slenderness ratio hyel,y > 0.3 and Arel,z < 0.3. 
If the sheathing material is properly secured to the studs, k,,, will always exceed ke, y 
and the design condition will be: 


0¢,0,d < Key . Se.0.4 (5.31) 


(c) Where both djel,y aNd Arel,z are <0.3. 
This situation is unlikely to arise in practice, but if it does the values of k,, and k,,- 
should be taken to be unity and the design condition will be: 


oot 2 (5.32) 

Se,0,d 
where the functions are as previously defined but the k,,, factor used to derive f.,o,4 in 
cases (b) and (c) can be taken to be 1.1 where there are at least four studs and the stud 
spacing is not greater than 610 mm c/c. 


5.5.1.1.2 Plate design 
The header and sole plates provide lateral restraint to the ends of the studs and also 
function as bearing members at these positions. Normal fixings between the studs 
and the plates and the structure will provide adequate lateral restraint and the design 
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5.5.1.2 


condition will generally relate to a design check of the strength of the plates under 
compression perpendicular to the grain. If there is any loading directly onto the plates 
between the stud positions, they will also need to be designed for bending and shear 
forces, as for beams. As stud walls are generally not meant to be loaded in this manner, 
this design condition has not been considered. 

For compression perpendicular to the grain the condition to be satisfied is: 


ae (5.33) 


Sc.90,d 
where 0¢,90,4 is the design compressive stress perpendicular to the grain and o¢.0.4 = 
Na/A where Ng is the design axial load in the stud and A is its cross-sectional area; 
Se.90,4 18 the design compressive strength perpendicular to the grain and is defined as: 
K mod + Ke,90 + fc,90,k 


Sc,90,4 = Fie (5.34) 


where the functions are as previously defined and f.,90,, is the characteristic compres- 
sive strength of the timber or wood-based product perpendicular to the grain. Strength 
information for timber and the commonly used wood-based structural products is given 
in Chapter 1; kc,99 is as described against equation (4.22). 

In the proposed draft amendment to EC5, summarised in Appendix C, 6.1.5, a major 
change is proposed for the validation of compression strength perpendicular to the 
grain. The proposal simplifies the design procedure given in ECS and will remove the 
option to be able to design for a large compressive strain condition. 


See Example 5.7.6. 


Design of stud walls subjected to combined out of plane bending and 

axial compression 

This situation most commonly arises when stud walls are subjected to the effect of out 
of plane wind loading in addition to the axial load being carried. The design procedure 
for the studs follows the method given in 5.4 for the design of compression members 
also subjected to bending moment. 


5.5.1.2.1 Stud design 


(a) Where Ayel,y ANd Azel,z are >0.3. 
This will apply when the cladding cannot provide full buckling restraint about the z—z 
axis. 


(i) For the case where the relative slenderness ratio for bending of each stud is 
<0.75 (i.e. lateral torsional buckling of the stud will not arise), the design 
condition will be: 


O¢,0,d Om,y,d ‘ . 
<1 (ECS, equation (6.23), with Om,z.4 = 0) (5.35) 
Key fe,0,d Tmy,d 
9¢,0,d Om,y,d 


a <1. (EC5, equation (6.24), with om,2,4 = 0) (5.36) 

Kez Se.0,d Timy,d 
where the functions are as previously defined and o,,,y,q are the design bending 
stresses about the y—y axis of the stud and om, ),q = My,a/ Wy where M, q is the 
design bending moment about the y—y axis and W, = bh” /6 is the associated 
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section modulus of the stud; fm,y,q is the design bending strength about y—y 

axis and: 

Kmod t Kn “ Keys Imk 

YM 

where the functions are as previously defined and k,y, = 1 for the cases where 
the sheathing is not adequately secured to the studs. 

(ii) For the condition where the relative slenderness ratio for bending of each stud 
is >0.75 (i.e. lateral torsional buckling of the stud can arise), the requirements 
of ECS, 6.3.3(6), must be checked: 


2 
Om,y,d 9O¢,0,d 
— a ——_ < | (5.38) 
(4) Kez fe.0,d 


where the functions are as previously defined. 


Sm,y/z.d = (5.37) 


For the condition where a stud wall is subjected to combined bending and ax- 
ial compression, where Aye1,, > 0.3 and Arelm approximates 0.75, as discussed in 
5.4.2, equations (5.35), (5.36) and (5.38) should be complied with. 


(b) Where Arel,y iS >0.3 and Ajel,z < 0.3. 
For this situation, ke, will be unity and on the basis that lateral torsional buckling 
cannot arise the design condition will be: 


Fe,0,d Om,y,d 
oe ce | (5.39) 

Key fe,0,d Finy.d 
where the functions are as previously defined and the k,,, factor can be taken to be 1.1 
where there are at least four studs and the stud spacing is not greater than 610 mm c/c. 


(c) Where Ayet,y ANd dget,z are <0.3. 

This situation is unlikely to arise in practice, but if it does the values of k,,, and k.,, 
will be unity. With the understanding that for this condition the relative slenderness 
ratio for bending of each stud will also be <0.75, the design condition will be: 


9O¢,0,d Q Om,y,d : 3 

( ) +—— <1 (ECS, equation (6.19), with on... = 0) (5.40) 
Te.0,4 Imy,d 

where the functions are as previously defined and the k,,, factor can be taken to be 1.1 

where there are at least four studs and the stud spacing is not greater than 610 mm c/c. 


5.5.1.2.2 Plate design 
The procedure remains as described in 5.5.1.1.2. 


See Example 5.7.7. 


5.5.2 Out of plane deflection of load-bearing stud walls (and columns) 


The behaviour of stud walls (and columns) with an initial deviation and subjected to 
axial loading is addressed in ECS as a strength problem. Out of plane deflection is not 
considered in the code. There may, however, be a design situation where the out of 
plane deflection is required and the following methodology is given for calculating this 
deformation. 
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Fig. 5.18. Deflection of wall under vertical and out of plane loading. 


When a member with an initial out of plane displacement is subjected to axial loading, 
due to the additional moment induced in the member by the axial load, the displacement 
will be amplified. In the case of a stud wall the displacement will comprise an initial 
deviation from straightness, 59, and, if subjected to out of plane loading, an additional 
displacement, 5,, as shown in Figures 5.18a and 5.18b respectively. 

From ECS, /0.2, it is to be noted that the maximum initial deviation from straightness 
measured halfway along the member, 59, cannot exceed L/300 for solid timber and 
L/500 for glued-laminated timber or LVL, where L is the length of the member. 

Maximum out of plane deflection will occur at mid-height and from classical elastic 
stability theory it can be shown that if a stud wall comprises members having an 
initial out of plane deflection 59 (i.e. from the principal y—y axis position shown in 
Figure 5.18) and each stud is subjected to an axial design load Ng, the out of plane 
deflection of the wall (or a column) will increase to dyo, where: 


dno = ad (5.41) 
In equation (5.41) @ is an amplification factor derived from: 
1 
a = {| ————_ (5.42) 
1 — Na/ Pe 


where: 


1 Eo.os(bh? /12) 
Pa = ———._— 
L?2 
and Pg is the Euler buckling load of each stud about its y—y axis, L is the effective 
length of the stud, b is the width of the stud, / is the depth of the stud, and Eo 95 is the 
fifth percentile modulus of elasticity of the stud material parallel to the grain. 
Although this is an approximate solution, it is accurate to within 2% for values of 
N/ Pg less than 0.6, which will be the case when deriving the displacement at the SLS. 
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For the above condition the increase in wall deflection,dyo, can therefore be writ- 
ten as: 


Ono = ado = 60 = 60 (a@ = 1) (5.43) 


Under the action of out of plane loading only on the wall, and taking shear deformation 
into account, from the data given in Table 4.7, the deflection 6, per stud at the mid-height 
of the wall caused by a load of g kKN/m? will be: 


j= ee 1 +096 (= ) (*) (Sp) (5.44) 
a 32Eo. md (hy : Go, mean L : 


where 4, is the out of plane deflection of the stud (in mm), L is the wall height (in 
metres), Eom is the mean modulus of elasticity of the stud parallel to the grain (in 
kN/m2), b is the breadth of the stud (in metres), h is the depth of the stud (in metres), 
and Sp is the lateral spacing of the studs (in mm). 

From equation (5.42), when each wall stud is subjected to an axial design load Na, 
dq will be increased to ad, and when added to the out of straightness deflection of the 
wall, the final deflection dng will be: 


dNq = 0459 + 5g (5.45) 


and the net increase in deflection due to the combined axial load and lateral load effect, 
Onet, Will be: 

Onet = (a3o + bq) — do 
which reduces to 
os (Na/Pe)d0 + dq 

mt (= Na/ Pa) 

It will be noted from equation (5.46) that the out of plane deflection is a function of 
the initial out of straightness of the wall (or column) as well as the axial load. If the 


wall (or column) is perfectly straight, 59 will equal zero and if there is no axial load, 
the additional deflection dpe will equate to (5.44). 


See Example 5.7.8. 


(5.46) 
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5.7 EXAMPLES 


As stated in 4.3, to be able to verify the ultimate and serviceability limit states, each 
design effect has to be checked and for each effect the largest value caused by the 
relevant combination of actions must be used. 

However, to ensure that attention is primarily focussed on the ECS design rules for 
the timber or wood product being used, only the design load case producing the largest 
design effect has generally been given or evaluated in the following examples. 


Example 5.7.1 The column shown in Figure E5.7.1 has a cross-section 150 mm x 200 mm, 
is of strength class C18 to BS EN 338:2003, and functions under service class 2 conditions. It 
supports a characteristic permanent compressive axial action (including its self-weight) of 30 kN 
and a characteristic variable medium-term compressive axial action of 50 KN. The column is 
3.75 m high and at each end is effectively held in position but not in direction about the z—z and 
the y—y axes. 

Check that the column will meet the ultimate limit state (ULS) requirements of EC5. 


| 
al 
. 
a 


ft A §& 
& wo 
so i= Soy é 
oO an 
oS | 
a — 
a! 
<150 mms 
A-A Eg=10XL 
Fig. E5.7.1. 
1. Column geometric properties 
Column length, L L=3.7m 
Effective length about the y—y axis, Le. Ley =1.0-L Le. Ley =3.75m 
Table 5.2 
Effective length about the z—z axis, Le. Lez = 1.0-L ie. Le, =3.75m 
Table 5.2 
Width of the member, b b= 150mm 
Depth of the member, h h = 200 mm 
Cross-sectional area of the column, A A=b-h A=3x 10*mm? 
b-h 8 4 
Second moment of area about the y—y h= 2 I, =1x 10° mm 
axes, I, 


Radius of gyration about the y—y axis, iy ly = iy = 57.74mm 
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Slenderness ratio about the y—y Ay= Ay = 64.95 
axis, Ay 2 
h-b? 7 4 
Second moment of area about the I, = DD I, = 5.63 x 10’ mm 
z-z axis, I, 
Radius of gyration about the z—z i, = - i, = 43.3mm 
axis, i, 
L 
Slenderness ratio about the z—z = Az = 86.6 
axis, Az I 


2. Timber properties 
Table 1.3, strength class C18 (BS EN 338:2003(E), Table 1) 


Characteristic compression feo = 18 N/mm? 
strength parallel to the grain, fcox 


Fifth-percentile modulus of Epos = 6.0 kN/mm? 
elasticity parallel to the grain, 
Eo.05 


3. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS 


Permanent actions, yg Vg = 1.35 
Variable actions, yg yo = 155 
Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for solid timber, ym = 1.3 
YM 

4. Actions 
Characteristic permanent Gy = 30 kN 


compressive action, Gx 


Characteristic medium-term Qx = 50 kN 
compressive variable action, Ox 


Design compressive action for the Na = Va: Ge+yvo- Ok Na = 1.16 x 10° N 
critical load combination, Ng 

(Table 2.8, equation (c) using the 

unfavourable condition) 


5. Modification factors 
Factor for medium duration Kmod.med = 0.8 
loading and service class 2, 


kmod.med 
(Table 2.4 (ECS, Table 3.1)) 


System strength factor, ky, not Ksys = 1.0 
relevant 
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6. Compression strength of column 
The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-duration variable action: 


Na 


Design compression stress, Oc.0.d = wy Oc.0.d = 3.85 N/mm? 
Oc.0.d 

k,  Ksys* 
Design compression strength, te. = mod.med * Ksys * fe.0.k fe.o.d = 11.08 N/mm? 
Se.0.d my 


Buckling resistance condition (5.3.1 (ECS, 6.3.2)): 


i? / foo Arety = 1.13 


uA Eo.05 


» 


Relative slenderness about Arel.y = 
the y—y axis, Arel.y (equation 
(5.3); EC5, equation (6.21)) 


2 Xz Se.0« 
Relative slenderness about Arel.z = —-°,/—— Arel.z = 1.51 
the z—z axis, Are. (equation a Eo.0s 
(5.3); EC5, equation (6.22)) 


As both relative slenderness ratios are greater than 0.3, the conditions in 5.3.1.(b) 
apply. (ECS, 6.3.2(3)): 


Maximum relative Arel.z = 1.51 
slenderness ratio of the 
column 


Factor 6, for solid timber Be = 0.2 

(equation (5.6); (ECS, 

equation (6.29)) 

Factor k, (equation (5.5b); k, =0.5-[1 + Be: Areiz — 0.3) + 2, | 
ECS, equation (6.28)) 


k, = 1.76 
ia! 1 
Instability factor, k,. kk. = —————— Kez = 0.37 
(equation (5.4b); (ECS, kz + .[k2 — i, 
equation (6.26)) 
Design buckling strength, Kez- food = 4.15 N/mm? 
kez fe.0.d (equation (5.7b)) 
Design stress/design Sa 0.93 
Kez ‘i Te.0.d 


buckling strength ratio 
(equation (5.11b)) 


The design stress is less than the design buckling strength; therefore the 150 mm by 200 mm 
timber section in strength class C18 meets the ULS requirements of ECS. 
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Example 5.7.2 A 47 mm x125 mm sawn timber member of strength class C18 to BS EN 
338:2003 functioning under service class 2 conditions in a timber truss is subjected to a char- 
acteristic permanent tensile axial action of 2.5 KN and a characteristic variable medium-term 
tensile axial action of 3.0 KN. The member is effectively pin jointed at each end to accommodate 
end fixings, 8% of the cross-sectional area is removed at one end and 10% at the other end. The 
effect of bending of the member due to its self-weight can be ignored. 

Check that the member complies with the requirements of EC5 at the ULS. 


1. Geometric properties 


Thickness of the member, f; t; = 47mm 

Width of the member, h h= 125mm 

Cross-sectional area of the A=t-h A = 5.88 x 10° mm? 
member, A 

Net area of the member — based Anet = 0.9-A Anet = 5.29 x 10° mm? 


on the minimum area — 
(100% — 10%), Anet 


2. Timber properties 
Table 1.3, strength class C18 (BS EN 338:2003(E), Table 1) 


Characteristic tensile strength fox = 11 N/mm? 
parallel to the grain, fox 


3. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS 


Permanent actions, yg YG = 1.35 
Variable actions, yg yo =155 
Table 2.6 (UKNA to ECS, Table NA.3) 

Material factor for solid timber, yy ym = 1.3 


4. Actions 


Characteristic permanent tensile Gy = 2.5 kN 
action, Gx 
Characteristic variable medium Ox =3 kN 


term action, Ox 


Design tensile action for the critical Nag = yg: Gxe+yo- Ox 
load combination, Ng 

(Table 2.8, equation (c) using the Ng = 7.88 x 10° N 
unfavourable condition) 


5. Modification factors 
Factor for medium-duration Kmod.med = 0.8 
loading and service class 2, Kmod.med 
(Table 4.1 (EC5, Table 3.1)) 
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Size factor, ky (Table 2.11; 1.0 ifh > 150mm 
ECS, equation (3.1)) (the 150 mm\°2 . 150 mm\°2 
equation incorporates a ky = if 1.3> 
dimensional correction 13 h h : h 
factor for Mathcad) . enn 
kn = 1.04 
System strength factor, kys = 1.0 


Keys — not relevant 


6. Tensile strength of timber 
The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-duration actions: 


N, 
Design tension stress O1.0.d = 7 O10. = 1.49 N/mm? 
parallel to the grain, o0.4 = 

k, Ksys + Ky: 
Design tension strength Sioa = modi Naa Fe 70 fio. = 7.02 N/mm-* 


parallel to the grain, fto.4 _ 


(equation (5.18)) 


The design tension stress is less than the design tensile strength; therefore the 47 mm by 
125 mm sawn section in strength class C18 meets the ULS requirements of EC5. 


Example 5.7.3 The column shown in Figure E5.7.3 has a cross-section 100 mm x 200 mm, 
is of strength class C24 to BS EN 338:2003, and functions under service class 2 conditions. It 
supports a characteristic permanent compressive action of 10 KN and a characteristic variable 
medium-term compressive action of 17.5 KN. The loading is applied 25 mm eccentric from the 
y—y axis and 10 mm from the z—z axis as shown in the figure and the permanent action includes 
an allowance to cover for the effect of the self-weight of the column. The column is 3.75 m high 
and at each end is effectively held in position but not in direction about the z—z and about the 
y—y axes. 
Check that the column will meet the ULS requirements of ECS. 
(Note: the relative slenderness ratio for bending about the y—y axis does not exceed 0.75.) 
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Fig. E5.7.3. 
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Note: Because the relative bending slenderness is less than 0.75, there is no need to investigate 
lateral torsional instability effects and 5.4.1 will apply. 


1. Geometric properties 


Actual column length, L L=3.75m 

Effective length for buckling about the Ley =1.0-L Le. Ley =3.75m 

y-y axis, Ley 

(Table 5.2) 

Effective length for buckling about the Lez =1.0-L ie. Le, =3.75m 

z-z axis, Le, 

(Table 5.2) 

Width of the member, D b= 100mm 

Depth of the member, h h = 200 mm 

Cross-sectional area, A A=b-h A=2x 10* mm? 
bh? 7 4 

Second moment of area about the y—y i= DD I, = 6.67 x 10'mm 

axes, I, 

: 2Iy 5 3 
Section modulus about the y—y axes, Wy = os W, = 6.67 x 10° mm” 
Wy 

ly 
Radius of gyration about the y—y axis, iy = re iy = 57.74mm 
ly 

2 : Ley 
Slenderness ratio about the y—y axis, Ay=s Ay = 64.95 
1: iy 
h-b? 7 4 
Second moment of area about the z—z I,= om I, = 1.67 x 10’mm 
axis, I, 

: 21, BS 
Section modulus about the z—z axis, W,= =e W, = 3.33 x 10° mm 
WwW. 

: I. 

Radius of gyration about the z—z axis, i, = A i, = 28.87mm 
iz 

. . Lez 
Slenderness ratio about the z-z axis,A, A, = Az = 129.9 


2. Timber properties 
Table 1.3, strength class C24 (BS EN 338:2003(E), Table 1) 


Characteristic bending strength about Smy& = 24N /mm? 
the y—y axis, fm.y.k 


Characteristic bending strength about Smzk = 24 N/mm2 
the z-z axis, fin.zk 
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Characteristic compression strength feok = 21N /mm? 
parallel to the grain, fo.ox 


Fifth-percentile modulus of elasticity Eos = 7.4 kN/mm? 
parallel to the grain, E.05 


. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS 


Permanent actions, yg Vg = 1.35 
Variable actions, yg yo =1.5 
Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for solid timber, yyy ym = 1.3 
. Actions 
Characteristic permanent compressive Gy, = 10kN 
action, Gx 
Characteristic short-term compressive OQ, = 17.5 kN 


variable action, Ox 


Design compressive action for a Na = Vo: Get+yvo- Ox 
critical load combination, Ng 

(Table 2.8, equation (c) using the Na = 3.98 x 104°N 
unfavourable condition variable 

action) 


Moment about the y—y axis: 


Eccentricity, e, e, = 25mm 
Design moment about the y—y axis, Mya =Na- ez My. = 0.99 kN m 
Mya 


Moment about the z—z axis: 


Eccentricity, é, ey = 10mm 
Design moment about the z—z axis, MzaNa- ey M.q4=0.4kNm 
Mz. 


. Modification factors 

Factor for medium-duration loading Kmod.med = 0.8 
and service class 2, Kmodmed 

(Table 2.4 (ECS, Table 3.1)) 


System strength factor, k,y, — not Ksys = 1.0 
relevant 


Depth factor for solid ttmber—bending kl, = 1.0 
about the y—y axis, kl 
(Table 2.11 (ECS, 3.2)) 
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Depth factor for solid 
timber — bending about the 1.0 if b> 150mm 
z—z axis, k2, (Table 2.11 150 mm \°? 150 mm \°? 
k2yn = if 13> 
(ECS, 3.2)) (Mathcad b b 
adjusted to make it 1.3 otherwise 
dimensionally correct) 
k2y = 1.08 


6. Strength of column 
The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-duration variable actions: 


Moment condition 
Design bending moment My. = 0.99 kN m 
about the y—y axis, My 4 


M, 

Design bending stress about) = Omya = aeeds Omy.d = 1.49 N/mm? 
the y—y axis, Omyd Wy 
Design bending moment M.,4=04kNm 
about the z—z axis, M4 

é : Mea 2 
Design bending stress about = Omzda = Omz.d = 1.19 N/mm 
the z-z axis, Om.z.4 Wz 
Design bending strength 
about the y—y axis, fm.y.d 

kmo -me ks st kl *Jm.y. 
ji a h* Sy. fny.a = 14.77 N/mm? 
Design bending strength 
about the z—z axis, fnz.d 
kno me + Keys + k2, * Jm.y. 
foza= 7 negaoe fnzd = 16.02 N/mm? 
‘M 
Axial compression condition 
N 

Design compression stress, Oc.0.d = - Oc.0.4 = 1.99 N/mm? 


0¢.0.d 


Kmod.med s Kgys . Feo 


Design compression strength, fco.d = Fte.o.a = 12.92 N/mm? 


fe.0.d YM 
(equation (5.10)) 


Buckling resistance condition (5.3.1 (ECS, 6.3.2)): 


Ay | feo.k 
us Fo.05 


Relative slenderness about Arely = 
the y—y axis, Arel.y (equation 
(5.3); EC5, equation (6.21)) 


Arety = 11 
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Relative slenderness about the 
Z-Z AXIS, Arel.z (equation (5.3); 
ECS, equation (6.22)) 


Arel.z 


Arel.z = 2.2 


As both relative slenderness ratios are greater than 0.3, conditions in ECS, 6.3.2(3), apply: 


Buckling about z—z axes 
Factor f, for solid timber 


(equation (5.6); EC5, 
equation (6.29)) 


Factor k, (equation (5.5b); EC5, 
equation (6.28)) 


Instability factor about the z—z 
axis, ke., (equation (5.4b); ECS, 
equation (6.26)) 


Buckling about y—-y axes 
Factor ky (equation (5.5a); ECS, 
equation (6.27)) 


Instability factor about the y—y 
axis, k,.y (equation (5.4a); ECS, 
equation (6.25)) 


Redistribution factor for a 


Be = 0.2 


S05 [1 dB Og OSA | 


ky =0.5- [1+ Be rety = 0.3) +2 


2] k= 3.12 
kez = 0.19 

Ay) eyes 
key = 0.61 


Key 


1 
yr ae = Aes 


km = 0.7 


rectangular section, k,, 
(equation (4.4c) (ECS, 6.1.6)) 


Combined stress condition 
Equations (5.21) and (5.22) (EC5, equations (6.23) and (6.24)): 
0c.0.d 


Om.y.d Om.z.d 


+kn = 0.4 
Key % Se.0.d Simy.d Sm 
0¢.0.d Om.y.d Om.z.d 
——__—. mo + = 0.96 
Kez % Se.0.d Smy.d FSnz.d 


Relationships less than unity; therefore the 100 mm by 200 mm sawn section in strength class 
C24 will meet the ULS requirements of EC5. 


Example 5.7.4 The LVL (Kerto-S) column shown in Figure E5.7.4 has a cross-section 
90 mm x 200 mm, and functions under service class 2 conditions. It supports a character- 
istic permanent compressive action of 8 KN and a characteristic variable short-term compressive 
action of 19.5 kN. The loading is applied 65 mm eccentric from the y—y axis as shown in the 
figure and the permanent action includes an allowance to cover for the effect of the self-weight 
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of the column. The column is 4.15 m high and at each end is effectively held in position but not 
in direction about the z—z axis and the y—y axis. 
Check that the column will meet the ULS requirements of ECS. 


0 mm 
S 

| 

| 


' 20 


Fig. E5.7.4. 


1. Column geometric properties 


Actual column length, L L=4.15m 
Effective length for buckling about the y—y Ley =1.0-L Le. Ley =4.15m 
axis, Ley 
(Table 5.2) 
Effective length for buckling about z—z axis, Le, =1.0-L ie. Le, =4.15m 
Lez 
(Table 5.2) 
Effective length of member acting asabeam = fer = L Lop = 4.15 m 
with a constant moment along the length, 0.¢ 
(Table 4.2 (EC5, Table 6.1)) 
Width of member, b b=90 mm 
Depth of member, h h = 200 mm 
Cross-sectional area, A A=b-h A= 1.8 x 10* mm? 
b-h? 7 4 

Second moment of area about the y—y axes, J, I, = 1D I, =6 x 10’ mm 

. 21, 5 3 
Section modulus about the y—y axes, W, Wy = . W, = 6x 10°mm 

; ss I, 
Radius of gyration about the y—y axis, i, iy = ri iy = 57.74mm 

E : Ley 

Slenderness ratio about the y—y axis, A, Ay = Ay = 71.88 
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Second moment of area about the z—z axis, J, [, = 


Radius of gyration about the z—z axis, i, 


Slenderness ratio about the z—z axis, A, 


. LVL properties 
Table1l.15 — Kerto S 


Characteristic bending strength about the 
y—y axis, fm.y.k 


Characteristic compression strength parallel 


to the grain, fo.ox 


Fifth-percentile modulus of elasticity 
parallel to the grain, E95 


Fifth-percentile shear modulus, Gos 


. Partial safety factors 


h-b? 7 4 
I, = 1.22 x 10’mm 
12 
; I, 
i, = A i, = 25.98mm 
Le. 
Az = Az = 159.73 


fmy&k = 44 N/mm? 
fe.ok = 35 N/mm? 
Eo.05 = 11.6 kN/mm/? 


Go.05 = 0.4 kN/mm2 


Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS 


Permanent actions, yg 

Variable actions, yg 

Table 2.6 (UKNA to ECS, Table NA.3): 
Material factor for LVL, yy 


. Actions 

Characteristic permanent compressive 
action, Gx 

Characteristic short-term compressive 
variable action, O, 


Design compressive action for the critical 
load combination, Ng 

(Table 2.8, equation (c) using the 
unfavourable condition variable action) 


Moment about the y—y axis: 
Eccentricity, e, 


Design moment about the y—y axis, 
Mya 


Yo= 1.5 
Gy, = 8 kN 
Ox = 19.5 kN 


Na=Y¥o°Gxrt+vo- Qk 


Na = 4x 10*N 


e, = 65mm 


Mya = Na ez Mya =2.6kNm 
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5. Modification factors 
Factor for short-duration = kmod.short = 0.9 
loading and service 
class 2, kmod.short 
(Table 2.4 (ECS, Table 3.1)) 


System strength factor, kgs = 1 
kgys — not relevant 


Size effect exponent, s s =0.12 
(Table 1.15) 
1.0 if h> 300mm 


Depth factor for LVL — ky = (= =) if ies (= =) 
for bending edgewise, ky, h h 
(Table 2.11 (ECS, 3.4; 1.2 otherwise 

BS EN 14374-2004)) 


kn = 1.05 


6. Strength of the column 
The design load case at the ULS will be due to the combination of permanent and 
unfavourable short-duration variable action: 


Moment condition 
Design bending moment M, 4 =2.6kNm 
about the y—y axis, My 4 


‘ : Mya 2 
Design bending stress Ony.d = = Om.y.a = 4.34 N/mm 


about the y—y axis, Om.y.d Wy 
k. short * Ksys * Kp - ; 
Design bending strength — finy.a = mod-short * Kays * Klin + fm.y.k 


fon.y.d = 34.65 N/mm? 
about the y—y , fmy.a mM 


Redistribution factor fora k,», = 0.7 
rectangular section, kp 
(Equation (4.4c) (ECS, 6.1.6)) 


Buckling resistance condition — lateral torsional buckling under major axis bending 
(4.5.1.2 (ECS, 6.3.3)): 


Lateral stability factor, 
Kerit (4.5.1.2 (ECS, 
6.3.3)): 


; b 0.5 
a-b Eo.05 . Go.05 -{1-—0.63- i 


hs log 


Critical bending stress,  Omecrit = 
Om.crit (equation (4.7c); 
ECS, equation (6.31)) 


Omcrit = 55.9 N/mm? 
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: Si m.y.k 
Relative slenderness for Misie = fe 
Om.crit 


bending, Arel.m 
(equation (4.10); ECS, 


equation (6.30)) 
1 
Lateral stability factor, Ketit = 158'0;]5 Paeisn 
kerit (Table 4.3 (ECS, 1 
equation (6.34)) aren 
Axial compression condition 
; : Na 
Design compression stress, 0¢.0.4 Oc0d = “ 


: : k, 
Design compression strength, foog feoad= 


mod.short * Keys Teo 


Arel.m = 0.89 


if Mein 2075 
iP 03 tag Sta 


otherwise 


Kerit = 0.89 


0¢.0.d = 2.23 N/mm? 


food = 26.25 N/mm? 


YM 
Buckling resistance condition (5.4.1 (ECS, 6.3.2)): 


Ay . Feo 


Relative slenderness about the y-y — Arel.y = — 
: Ww E.05 


AXiS, Arel.y 
(equation (5.3); EC5, equation 
(6.21)) 


Relative slenderness about the z—z 
AXIS, Arel.z 

(equation (5.3); EC5, equation (6.22)) 
Factor 6, for LVL (equation (5.6); 
ECS, equation (6.29)) 

Factor ky (equation (5.5a); ECS, 
equation (6.27)) 

ky =0.5-[1 + Be Grety 0.3) + 224, | 


tel.y 


Atel.z = 


ale 
sh 
So 
na 


Be = 0.1 


Instability factor about the y—y axis k,.y = 
(equation (5.4a); EC5, equation 
(6.25)) 


Factor k, (equation (5.5b); ECS, 
equation (6.28)) 
k, = 0.5- [1+ Be > Are: — 0.3) + Ary.-| 


Instability factor about the 
Z-z axis (equation (5.4b); ECS, 
equation (6.26)) 


Arey = 1.26 
Arete = 2.79 
ky = 1.34 
key = 0.56 
k, = 4.52 
kez = 0.12 
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Combined stress conditions 
Including for equations (5.21) and (5.23) in addition to equation (5.24) in the strength 


check: 
9¢.0.d Om.y.d 


Compression stress condition about = 0.28 
the y-y axis Key . Te.0.d fm.y.d 
(equation (5.21) (ECS, 6.3.2(3)) 

‘ we O¢.0.d Om.y.d 
Compression stress condition about + kn = 0.77 
the z—z axis Kez i fe.0.d Sim.y.d 
(equation (5.23) (ECS, 6.3.2(3))) 

2 
Combined stress condition ( cue ) + SORE ys 0.7 
Kerit 7 Imy.d Kez . Fe.0.d 


(equation (5.24); ECS, 
equation (6.35)) 


As all relationships are less than unity, the 90 mm by 200 mm LVL member will meet 
the ULS requirements of EC5. 


Example 5.7.5 A 63 mm by 125 mm sawn timber section of strength class C24 to BS EN 
338:2003 functioning under service class 2 conditions is shown in Figure E5.7.5 and is subjected 
to acharacteristic permanent tensile action of 1.0kN and acharacteristic variable tensile medium- 
term action of 4 kN along the direction of the x—x axis of the member. The variable tensile action 
also induces a variable medium-term moment of 1.0 kNm about the y—y axis and 0.10 kNm 


about the z—z axis. There is no loss of area in the member at each end connection. 
Check that the member will meet the ULS requirements of ECS. 


" 125 mm —> 
y 


. 


ae aaa -Z 63 mm 


; 


Fig. E5.7.5. Section of member. 


1. Geometric properties 
Thickness of the member, t t= 63mm 


Width of the member, h h= 125mm 


Cross-sectional area of the member, A A=t-h A = 7.88 x 10°? mm? 
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t-h 
Second moment of area about the y—y = DD 1,:= 1:03 x 107 mm* 
axes, I, 
21, 
Section modulus about the y—y axes, Wy Wy, = a W, = 1.64 x 10° mm? 
: Het 6 4 
Second moment of area about z—z axis, J, JI, = D I, = 2.6 x 10°mm 
: 21. 443 
Section modulus about the z-z axes, W, W, = — W, = 8.27 x 10° mm” 


. Timber properties 
Table 1.3, strength class C24 (BS EN 338:2003(E), Table 1) 


Characteristic tensile strength parallel to fio. = 14 N/mm? 
the grain, fio. 


Characteristic bending strength about the fny.x = 24 N/mm? 
y-y axis, fm.y.k 


Characteristic bending strength about the fnzx = 24N, /mm_2 
Z-Z axis, fin.z.k 


. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002. Table NA.A1.2(B)) for the ULS 


Permanent actions, yg ¥g = 1.35 
Variable actions, yg yo = 1.5 
Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for solid timber, ym ym = 1.3 

. Actions 
Characteristic permanent compressive Gy, = 1.0kN 
action, Gx 


Characteristic medium-term compressive Q, = 4.0 kN 
variable action, Ox 


Design tensile action for the criticalload Nag =yg-Ge+yo- Ok 

combination, Ng 

(Table 2.8, equation (c) using the Nq = 6.75 x 10° N 
unfavourable condition variable action) 


Characteristic moment due to the variable Moy, =1.0kNm 
action about the y—y axis, Mg yx 


Design moment about the y—y axis dueto Mya=yvo-Moyx Myqa=15kNm 
the variable actions, My q 


Characteristic moment due to the variable Mg... =0.1kKNm 
action about the z—z axis, Mg... 
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Design moment about the z—z M.a=Yo° Mock M,q=0.15kNm 
axis due to the variable actions, 
Mz 


5. Modification factors 
Factor for medium-duration Kmod.med = 0.8 
loading and service class 2, 


kmod.med 
(Table 2.4 (ECS, Table 3.1)) 


System strength factor, ky; —not Ky; = 1 
relevant 


Size factor for bending: 


1.0 if h> 150mm 
0.2 0.2 
Depth factor for solid timber-— ky = ( 150 =) eas ( 150 =) 
bending about y—y axis, ky h h 
(Table 2.11 (ECS, 3.2)) 1.3 otherwise 
ky = 1.04 
1.0 if t > 150mm 


Depth factor for solid timber— k, = ( 150 me) if 13> 150 =) 
bending about z—z axis, k; ; t 
(Table 2.11 (ECS, 3.2)) 1.3 otherwise 

k, = 1.19 


Size factor for tension: 


Depth factor for solid timberin kl, = ky k1y = 1.04 
tension, k1, 
(Table 2.11 (ECS, 3.2)) 


6. Strength of member 
The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-duration variable actions: 


Moment condition 
Design bending moment about M,qg=1.5kNm 
the y—y axis, My q 


Design bending stress about the = omy.4a = — Omy.d = 9.14 N/mm? 
y—-y aXxi8, Om.y.d 
Design bending moment about M,4=0.15kNm 
the z—-z axis, M4 

Mz 


md = 1.81 N/mm? 
W. Om.z.d / 


Design bending stress about the oOmz4 = 
Z-Z AXIS, Om.z.d 
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Design bending strength 
about the y—y axis, fm.y.d 


Design bending strength 
about the z—z axis, fm.z4 
Axial tensile condition 


Design tension stress 
parallel to the grain, ot.o.4 


Design tension strength 
parallel to the grain, fio. 


Redistribution factor for a 
rectangular section, k,, 


Kmod.med 7 Keys . Kn : Jim.y.k 


Imy.d = Sm.y.d = 15.32 N/mm? 
: YM 
Kmod.med * Ksys * Kt - m.z. 
Fig i ee gg Si SNe 
YM 
N 
Orod = oe o.0.4 = 0.86 N/mm? 
kmod.med * Ksys * KL * Jt.0. 
foa= oe Tims fioa = 8.94 N/mm? 
YM 
Km = 0.7 


(equation (4.4c) (ECS, 6.1.6)) 


Combined stress condition 


Equations (5.25) and (5.26); EC5, equations (6.17) and (6.18): 


01.0.4 Om.y.d aay Om.z.d 
oe 


Fo Smy.d Sinz.d 


O1.0.d Om.y.d , Om.z.d 


i f = 0.62 
Fo finy.d Finz.d 


= 0.77 


Relationships less than unity; therefore the 63 mm by 125 mm sawn section in strength class 
C24 will meet the ULS requirements of ECS. 


Example 5.7.6 The stud wall shown in Figure E5.7.6 has an overall height of 3.75 m and 
the studs are spaced at 600 mm centre to centre with braced battens at mid-height. Sawn 
timber of 44 mm by 100 mm is used for the studs and the header and sole plates are 50 
mm by 100 mm sawn timber, all class C16 to BS EN 338:2003. The wall functions in service 
class 2 conditions and supports a characteristic permanent action of 0.6 KN (inclusive of the 
panel self-weight) and a characteristic variable long-term action of 2.4 kN per stud. There 
is wall sheathing on both faces and the fixings provide lateral support to the studs about the 


Z-Z axis. 


Check that the wall will meet the ULS requirements of EC5. 


1. Geometric properties 
Stud length, L 


L=3.75m 


Effective length of a stud buckling about L.y = 1.0-L Le. Ley =3.75m 
the y—y axis, Le, (Table 5.2) 
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'< 600 mm—>!< 600 mm! 
Z 


Zz 
| 
| 


Jo B75 mm SS 


e175 in — she (875m —s 


* batten 
z 
Ss yor say 
= 
v 
| 
Zz 
44 mm pas 
Section through a stud Section through stud wall 
Fig. E5.7.6. 
Width of each stud, b b=44mm 
Depth of each stud, h h = 100 mm 
Bearing area of each stud on the sole Ap=b-h 
plate, Ay 
Cross-sectional area of each stud, A A=b-h A=4.4 x 10? mm? 
13 
Second moment of area of a stud about h= 1D I, = 3.67 x 10° mm* 
the y—y axes, I, 
om 
Radius of gyration of a stud about the ly = e iy = 28.87mm 
y—y axis, iy 
Dey 
Slenderness ratio of a stud about the Ay = — Ay = 129.9 
y-y axis, A, i 
2. Timber strength properties 
Table 1.3, strength class C16 (BS EN 338:2003(E), Table 1) 
Characteristic compression strength teok = 17/mm2 
parallel to the grain, foo. 
Characteristic compressive strength fe.90.k = 2.2 N /mm? 
perpendicular to the grain, fo.90. 
Fifth-percentile modulus of elasticity Eos = 5.4 kN/mm? 
parallel to the grain, Eo.05 
3. Partial safety factors 


Table 2.8(UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS 


Permanent actions, yg Yo = 1.35 
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Variable actions, yg 
Table 2.6 (UKNA to ECS, Table NA.3) 
Material factor for solid timber, yyy 


. Actions per stud 
Characteristic permanent compressive 
action, Gx 


Characteristic long-term compressive 
variable action, Ox 


Design compressive action for the 
critical load combination, Ng 
(Table 2.8, equation (c) using the 
unfavourable condition variable 
action) 


. Modification factors 

Factor for long-duration loading and 
service Class 2, kmod.ong 

Table 2.4 (ECS, Table 3.1)) 


System strength factor, ky; (2.3.7 
(ECS, 6.6)) 


Adopt bearing factor, Ke.99 = 1 
(equation (4.22) (ECS, 6.1.5 (2))) 


. Compression strength of a stud 


ym = 1.3 
Gx = 0.6 kN 
Ox = 2.4kN 


Na = ¥o°GxetYo- Qk 


Na = 4.41 x 10° N 


Kmod.long = 0.7 
Keys = 1.1 
ke99 = 1 


The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable long-duration variable action: 


Design compression stress in a stud, 
O¢.0.d 


Design compression strength of a stud, 


Se.0.d 


Buckling resistance condition (5.3.1 
(ECS, 6.3.2)): 


Relative slenderness about the y—y 
axis, Arel.y (Equation (5.3); ECS, 
equation (6.21)) 


N 
ood = — 0c.0.4 = 1 N/mm? 
A 
Kmod.med ‘ kg s° Se.0.k 
Seo.d = 
YM 
Te.0.d = 10.07 N/mm? 
A c 
Atel ys — i su Arel.y = 2.32 
ua E.05 . 


As the relative slenderness ratio is greater than 0.3, conditions in 5.3.1 apply 


(ECS, Clause 6.3.2(3)): 


Factor 6, for solid timber (equation 
(5.6); EC5, equation (6.29)) 


Bc = 0.2 
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Factor ky ky =0.5- [1+ Be Grety — 0.3) + 22,, | 

(equation (5.5a); ECS, ky = 3.39 

equation (6.27)) 

1 
Instability factor about the key = key = 0.17 
y-y axis (equation (5.4a); ECS, Ratio = ais 
equation (6.25)) 
ate : 0¢.0.d 
Strength condition (equation 5.12) _———— =0.58 
Key *: Te.o.d 


The relationship is less than unity; therefore the 44 mm by 100 mm studs, strength class 
C16, will meet the ULS compression strength requirement of ECS. 


7. Bearing strength of sole plates 
Design bearing load at the base of Ng = 4.41 x 10° N 


a stud, Nq 

< “ Na 2 
Design bearing stress on the sole 0¢.90.d = — 0c.90.4 = | N/mm 
plate, o.,99,q — assume no spread of Ap 
load — to give a safe result 
Design bearing strength, fo.90.4, ha= Kimod.tong * Ke.90 * 90-4 fra = 1.18 N/mm? 


(ignoring enhancement of k,.99 YM 
allowed in EC5) 


The bearing stress is less than the bearing strength; therefore the 44 mm by 100 mm 
plates, strength class C16, will meet the ULS bearing compression strength requirement of 
ECS. 


Example 5.7.7 A stud wall in a domestic property, of the same layout as shown in 
Figure E5.7.6, has an overall height of 3.75 m. The studs are spaced at 600 mm centre to 
centre and braced battens are at mid-height. The studs, header and sole plates are 38 mm by 125 
mm section, all strength class C18 to BS EN 338:2003. The wall functions in service class 2 
conditions and each stud supports a characteristic vertical permanent action of 0.5 KN, a charac- 
teristic vertical variable medium-term action of 2.0 KN and a characteristic lateral wind action 
of 0.75 KN/m?. Sheathing material is fixed on both faces but does not provide full buckling 
restraint about the z—z axis of the studs. 
Check that the member will meet the ULS requirements of ECS. 


1. Geometric properties 
Stud length, L L=3.75m 


Effective length of a stud buckling L,,=1.0-L Ley = 3.75 m 
about the y—y axis, Ley (Table 5.2) 


Effective length of a stud buckling Le, = 0.5-L Lez = 1.88 m 
about the z—z axis, Le., (Table 5.2) 
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Width of each stud, b b= 38mm 
Depth of each stud, h h = 125mm 
Lateral spacing of each stud, Sstua Sstud = 600 mm 


Bearing area of each stud on the sole plate, A, Ap=b-h 


Cross-sectional area of each stud, A A=b-h A = 4.75 x 10° mm? 
beh? 6 4 
Second moment of area of a stud about h= D I, = 6.18 x 10° mm 
the y—y axes, I, 
I, 
Radius of gyration of a stud about ly = ri iy = 36.08 mm 
the y—y axis, iy 
Le 
Slenderness ratio of a stud about the y—y axis, A, = — * Ay = 103.92 
dy ty 
. 21y A en 
Section modulus of a stud about the y-y axes, Wy, = om W, = 9.9 x 10°mm 
Wy 
h- db? 5 4 
Second moment of area of a stud about i D IT, = 5.72 x 10° mm 
the z—z axis, I, 
Ep 
Radius of gyration of a stud about i= rn i, = 10.97mm 
the z-z axis, i, 
Lez 
Slenderness ratio of a stud about the z—z axis,A, 4, = —— A, = 170.93 


. Timber strength properties 
Table 1.3, strength class C18 (BS EN 338:2003(E), Table 1) 


Characteristic compression strength parallel to fron = 18 N/mm? 
the grain, fo.0.k 


Characteristic bending strength, fmyx Jmyx = 18 N/mm? 


Characteristic compressive strength Ffe.90.k = 2.2 N/mm2 
perpendicular to the grain, fo.90. 


Fifth-percentile modulus of elasticity parallel to Epos = 6.0 kN/mm? 
the grain, Eo.05 


. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS 


Permanent actions, yg Ye = 1.35 
Variable actions, yg yqg = 155 
Table 2.2 (UKNA to EN 1990:2002(E), TableNA.A1.1) 
Combination factor for a variable action, Wo Wo = 0.7 


Combination factor for a wind action, Wo.w Wow = 0.5 
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Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for solid yyy = 1.3 
timber, yi 


4. Actions 
Characteristic permanent G, = 0.5 kN 
compressive action, Gx 


Characteristic medium- Q,x = 2.0kN 
term compressive 
variable action, QO, 


Characteristic variable Wy = 0.75 KN/m? 
lateral (wind) action, Wx 


Combined load cases to obtain the design condition for the stud design 
(i) Vertical loading — associated with critical design load cases 


Design axial loading Nla=Yoa- Gx Nig = 0.68 KN 
with permanent action 
only on the wall, N14 


Design axial loading N24 = Yo: Get Wo: vo: Qk N2q = 2.77kKN 
with permanent action; 

unfavourable medium- 

term variable and wind 

(dominant) actions, N24 


(ii) Associated design lateral loading 


Design lateral loading W1g = 0kKN/m? 
with permanent action 
only on the wall, W14 


Design lateral loading W2a = yo: Wx W24 = 1.13 x 1073 N/mm? 
with permanent action; 
unfavourable medium- 
term variable and wind 


(dominant) actions, W2,4 
2 


L 
Design moment per stud M2, 4 = W2q- Sstua : 7 M2,4= 1.19 x 10° Nm 
(iii) Combined load cases for plate design 


Design axial loading due N3q = yg- Ge +yvo- Ox N34 = 3.67 kN 
to permanent and 

medium-term variable 

action, N34q 


5. Modification factors 
Factor for permanent- kmod.perm = 0.6 
duration loading and 
service Class 2, kmod.perm 
(Table 2.4 (ECS, Table 3.1)) 
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Factor for medium-duration Kmod.med = 0.8 
loading and service class 2, 


kmod.med 
(Table 2.4 (ECS, Table 3.1)) 


Factor for Kmod.inst = 1.1 
instantaneous-duration loading 

and service class 2, Kmoa inst 

(Table 2.4 (EC5, Table 3.1)) 


System strength factor, Kys = 1.1 
Keys — 2.3.7 (ECS, 6.7) 


Adopt bearing factor, ke99 = 1 keoo = 1 
(equation (4.22) (ECS, 6.1.5 
(2))) 


ae 150? 
Depth factor for solid timber— k, = min | | ————— , 1.3 
: . h-mm—! 
bending about y—y axis, kp 
(Table 2.11 (ECS, 3.2)) 
ky = 1.04 
. Strength of the studs 
The critical design load case at the ULS will be due to the combination of permanent, 
unfavourable wind (dominant) and unfavourable medium-term variable action: 


Axial compression condition 

: : N 2a 2 
Design compression stress due 02.0.4 = —— 02.04 = 0.58 N/mm 
to permanent and combined a 
medium-term and wind 
(dominant) actions, 02.94 


; : Kmod.perm * Ksys * fe.0.k 
Design compression strength fl.gqg = ————" fe floog = 9-14 N/mm? 
of a stud under permanent YM 


action only, fl. oq 


Kmod.inst = Keys = Se.0.k 


Design compression strength 3.94 = Pc.o.4 = 16.75 N/mm? 
of a stud under permanent YM 
action, medium-term variable 


and wind (dominant) action, 


Boo 


Buckling resistance condition 
(5.3.1 (ECS, 6.3.2)): 


Relative slenderness about the = Arel.y = 
y—y axis, Arey 

(equation (5.3); EC5, equation 

(6.21)) 


Arey = 1.81 
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eins _ Ag / fe.0.k _ 
elative slenderness about the z-z Aye... = — - Arel.z = 2.98 
axis, Arel.z x Eoos 

(equation (5.3); EC5, equation 

(6.22)) 


As both relative slenderness ratios are greater than 0.3, conditions in 5.3.1 b) apply (ECS, 
6.3.2(3)): 


Redistribution factor for a Km = 0.7 
rectangular section, kp 
(see equation (4.4) (ECS, 6.1.6)) 


Factor 6, for solid timber B. = 0.2 
(equation (5.6); ECS, equation 
(6.29)) 


Factor k, (equation (5.5b); ECS, 
equation (6.28)) 


k, = 0.5 [1+ Bo - Aretz — 0.3) + A2,,] k, = 5.21 


tel.z 


Instability factor about kez = 


the z-z axis, ke: ky taf? — 22, 


(equation 5.4b (EC5, equation 
6.26)) 


ko, = 0.1 


Factor, ky 

(equation (5.5a); EC5, equation 

(6.27)) 

ky =0.5- [1+ Bo - (Arery — 0.3) + A215] ky = 2.29 


tel.y 


Instability factor about the y—y key = 


axis, k,y . ky + V ky a anay 


(equation (5.4a); EC5, equation 


key = 0.2 


(6.25)) 
Moment condition 
, : M2y4 2 
Design bending stress about the O2my.d = Ww. O2mya = 11.99 M/mm 
y 


y—y axis due to permanent and 
combined medium-term vertical 
and wind (dominant) action, o 2, 4 


Design bending strength about the 

y—y axis, fy. 

mod.inst * Keys . ky . Snyk 
YM 


fny.d = fy. = 17.38 N/mm? 


Lateral torsional stability of stud 
functioning as a beam, Keri (5.3.1 
(EC5, 6.3.3)) 
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Effective length of a stud, Legp: 


With braced battens, the 
distance between lateral 
restraint = L/2. Due to udl 


loading a factor of 0.9 has been 


used (approximate solution) 
and because loading is applied 


at the compression edge, 2h has 


been added. 
(Table 4.2 (ECS, Table 6.1)) 


Critical bending stress, Om crit 
(equation (4.8); ECS, 
equation (6.32)) 


Lateral torsional buckling 


condition (4.5.1.2 (ECS, 6.3.3)): 


Relative slenderness for 
bending, Arelm 
(equation (4.10); ECS, 
equation (6.30)) 


Lateral stability factor, 
Kerit (Table 4.3 (ECS, 
equation (6.34)) 


Combined stress conditions 


L 
Leth = 0.9 - (5) +2-h Ley = 194m 


0.78 - b* 
Om.crit = hela -Eo0s  Omeirt = 27.9 N/mm? 
Arel.m = Srny.k Mrel.m = 0.8 
Om.crit 
1 if Arel.m < 0.75 
es 1.56—0.75 + Asem if 0.75 < Artem < 1.4 
cirt = 
1 
otherwise 
Arel.m? 
Keire = 0.96 


Including for equations (5.35) and (5.36) in addition to equation (5.38) in the strength check: 


Combined axial and bending 
stress condition about the y—y 
axis — functioning as a column 
(equation (5.35) (EC5, 6.3.2(3))) 


Compression stress condition 
about the z—z axis 
(equation (5.36) (EC5 6.3.2(3))) 


Combined bending and axial 
stress condition functioning as a 
beam (equation (5.38); ECS, 
equation (6.35)): 


02.0.4 a2 


md — 0.82 
Key * F3c.0.4 fin.y.d 


2¢ Dis: 
0 £.0.d + km ; O4m.y.d — 0.81 
Kez ‘Boo m.y.d 


Ds > 2 
( O2my.d ) 4 —77e0d  _ 9 95 
Kerit Syd kez ‘Boo 
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The critical condition is due to combined axial stress and bending about the y—y axis, 
functioning as a beam and with wind as the dominant variable action. The studs are OK 
as the combined compression and bending ratio is less than unity. 


7. Bearing strength of the sole plates 
For this condition, the greatest vertical load arises with the vertical variable load as the 
only variable load case: 


Design bearing load per stud, N34 = 3.67 x 10° N 


N3a 
2 3 N34 2 
Design bearing stress on the 0.90.4 = ie 0.90.4 = 0.77 N/mm 
plate, oc.0.4 : 
kmo med * ke. * Jc.90. 
Design bearing strength, te.90.4 = ame 90+ fc.90.k Ffe.o0.4 = 1.35 N /mm? 
fe.90.4 ignoring enhancement YM 


of ke.99 allowed in EC5) 


The bearing stress is less than the bearing strength; therefore the 38 mm by 125 mm plates, 
strength class C18, will meet the ULS bearing compression strength requirement of ECS. 


Example 5.7.8 A stud wall in a domestic property with the same layout as shown in 
Figure E5.7.6 has an overall height of 2.4 m. The studs are spaced at 600 mm centre to 
centre and battens are fitted at mid-height. Studs are 44 mm by 100 mm section, class C18 
to BS EN 338:2003, and the wall functions in service class 2 conditions. Each wall stud 
supports a characteristic permanent action of 0.4 kN, a characteristic medium-duration vari- 
able action of 1.8 kN and a characteristic lateral wind action of 0.85 kN/m?. Sheathing ma- 
terial is fixed on both faces and provides full buckling restraint about the z—z axis of the 
studs. 

Determine the increase in the instantaneous lateral deflection of the wall at the 
serviceability limit states (SLS) under the characteristic combination of actions, taking wind 
loading as the dominant variable action. 


1. Geometric properties 
Stud length, L L=2.4m 


Effective length of astudfor Ley =1.0-L Le. Ley =2.4m 
buckling about the y—y axis, 

Le.y(Table 5.2) 

Width of a stud, b b=44mm 


Depth of a stud, h h = 100 mm 


Lateral spacing of each stud, = Sstuqa = 600 mm 


Sstud 
2. Timber strength properties 
Table 1.3, strength class C18 (BS EN 338:2003(E), Table 1) 


Fifth-percentile modulus of Eo.os = 6.0 kN/ mm? 
elasticity parallel to the grain, 
Eo.05 
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Mean modulus of elasticity parallel Eo mean = 9.0 KN/mm? 
to the grain, Eo mean 


Mean shear modulus, Go, mean Go,mean = 0.56 kN/mm? 


. Partial safety factors 
Table 2.2 (UKNA to EN 1990:2002(E), TableNA.A1.1) — Category A 


Combination factor for a variable Wo = 0.7 
action Wo 
Combination factor for a wind Wow = 0.5 
action, Wo,w 

. Actions 
Characteristic permanent Gy = 0.4kN 


compressive action, Gx 


Characteristic medium-term Q, = 1.8kN 
compressive variable action, QO, 


Characteristic variable (wind) Wy = 0.85 KN/m? 

action, W, 

Variable lateral action, Fer Freer = We Fey = 0.85 kKN/ mm? 
Permanent vertical action, Nera Nerd) = Gx Nera) = 0.4 KN 
Variable vertical action, Neer Neert) = Ok Neert) = 1.8 kN 
Characteristic combination for Gytw = Neerat + Wo- Noertt Gviw = 1.66 kN 


vertical load with wind as the 
dominant action, Gy_w 


Characteristic lateral wind loading Gytw = Feer 
with wind as the dominant action, 


Guiw 


. Deflection of the stud wall at the SLS 
The critical design load case at the SLS will be due to the combination of permanent, 
unfavourable wind (dominant) and unfavourable medium-term variable action: 


Maximum permitted out of 69 = a 69 = 8mm 
straightness of a stud, do 300 
(ECS, Section 10) 

> Eoos b-h3 


Euler load of a strut about the y-y Pe=az 
axis, Pp (equation (5.42)) 


ane Pg = 37.7 KN 
Bs 2 


Lateral displacement due to the horizontal loading, dinst.w 
(Table 4.7) 


5) Gutw 4 Eo mean h : 
eee -(L4)- | 140.96. ( 2"). (=) | - Gon 
ae 32 Eo mean -b- h3 ( ) . Go,mean L : ; v 


Oinst.Gw = 6.86mm 
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Increase in the instantaneous value of the lateral deflection of the wall under the critical 
characteristic combination of loading, Schar.instw 
(equation (5.46)) 


1 GvLw 
Ochar.instw Ss 7 ve 7 50 oi Sinst.G Schar.instw = 754mm 
_ Gviw P E : 


Pg 


The increase in the instantaneous lateral deflection of the wall at the SLS under the critical 
characteristic combination of loading will be 7.54 mm. 


Chapter 6 
Design of Glued Laminated Members 


6.1 INTRODUCTION 


The use of glued laminated members (glulam) for structural purposes offers the ad- 
vantages of excellent strength and stiffness to weight ratio, can be designed to have a 
substantial fire resistance, and can achieve a high standard of architectural finish. Some 
examples of glued laminated structures are shown in Figure 6.1. A summary of some 
of the main advantages of glulam members is as follows: 


(a) As glulam sections are built up from thin members it is possible to manufac- 
ture complicated shapes. They can be produced in any size, length and shape. 
Manufacturing and transportation facilities remain as the only practical limiting 
factors affecting dimensions. 

(b) The use of a number of laminates results in a more even distribution of defects 
throughout the section, reducing the variability and generally increasing the 
strength of the timber. 

(c) Pre-cambers can easily be incorporated into the section during the manufacturing 
process. 


In this chapter, the design procedure is given for glued laminated timber members 
designed in accordance with the requirements of EC5 [1]. The particular requirements 
of curved members, tapered members and pitched cambered members functioning as 
beams are addressed, noting that the methodology used will also apply to members 
manufactured from laminated veneer lumber (LVL). 

The general information in 4.3 is relevant to the content of this chapter. 


6.2 DESIGN CONSIDERATIONS 


Glued laminated members can function as beams or columns or members subjected 
to combined bending and axial loading, and the limit states associated with the main 
design effects are given in Table 6.1. The general comments in 4.2 and 5.2 are also 
applicable to glued laminated elements. 

The production requirements of glulam must comply with the requirements of BS 
EN 386:2001 [2] and the design procedure used is dependent on whether the member 
is constructed using laminations of the same grade and species (homogeneous glulam) 
or formed with inner and outer laminations of different grades and species (combined 
glulam). The requirements for each type are discussed in 6.3. 
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(b) Curved structure (photo courtesy of Constructional Timber 
Limited, a member of the Glued Laminated Timber Association, UK) 


(c) Sloped columns (photo courtesy of APA, The Engineered (d) Curved portals (photo courtesy of APA, The Engineered 
Wood Association) Wood Association) 


(e) Portal frame (photo courtesy of Constructional Timber (f) A roof structure (photo courtesy of Lilleheden Ltd, 
Ltd, a member of the Glued Laminated Timber Association, UK) a member of the Glued Laminated Timber Association, UK) 


= —_ —— 
(g) Footbridge (photo courtesy of Engineered Wood Products (h) Curved columns 
Association of Australasia (EWPAA)) 


Fig. 6.1. Examples of glued laminated structures. 
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Table 6.1 Main design requirements for glued laminated members and the associated 
ECS limit states 


[Element Design or displacement effect ECS limit states 
iBeam members As Table 4.1 As Table 4.1 
(Columns As Table 5.1 As Table 5.1 
Glue line 
plane 
(a) Horizontal glulam (b) Vertical glulam 
cross-section cross-section 


Fig. 6.2. Horizontal and vertical glulam. 


6.3 GENERAL 
6.3.1 Horizontal and vertical glued laminated timber 


Glulam is formed by bonding timber laminations with the grain running essentially 
parallel and can be produced as horizontal glued laminated timber or vertical glued 
laminated timber, as defined in BS EN 386. 

Horizontal glulam is glued laminated timber in which the glue line planes are perpen- 
dicular to the long length of the cross-section. Vertical glulam is glued laminated timber 
where the glue line planes are perpendicular to the short length of the cross-section. 
An example of each is shown in Figure 6.2. 


6.3.2 Design methodology 


Glued laminated timber must comply with the requirements of BS EN386 and BS 
EN1194:1999 [3]. BS EN1194 defines the strength classes associated with glulam and 
also states how the characteristic values of strength- and stiffness-related properties 
are to be obtained. It enables grades and species as well as combinations of grades and 
species to be classified using a glulam strength class system in a similar manner to that 
used in BS 338:2003 [4] for structural timber. 

The classification system only applies to horizontally laminated glulam made with 
at least four laminations, all of which must be softwood. Strength classes are given for 
homogeneous and for combined glued laminated timber, and an example of each is 
shown in Figure 6.3. 
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x iN |] ————r 
i strength class = (1/6)d 

Vv 

aN 

All the same 
d strength class Lower strength class 

__V 

uN 
i strength class = (1/6)d 

Vv Vv V 

(a) Homogeneous glued-laminated timber (b) Combined glued-laminated timber 


Fig. 6.3. Example of a homogeneous and a combined glued laminated timber member. 


The strength classes are defined as follows: 


Homogeneous glued laminated timber: where all of the laminations in the section 
are of the same grade (strength class) and species, or species combinations. 

Combined glued laminated timber: where the section is made from inner and outer 
laminations of different grades (strength classes) and species, or species combi- 
nations. The outer laminations will have the higher strength class and must equate 
to at least one-sixth of the member depth on both sides. 


In BS EN 1194:1999 the characteristic strength, stiffness and density values of glued 
laminated members are given for four strength classes, defined as GL 24, GL 28, 
GL 32 and GL 38, each followed by the suffix h, where the glulam is homogeneous, 
or c, if it is combined. 

As in the case of the reference system used for timber in BS EN 338, the numbers 
used in the glulam system represent the characteristic bending strength of the glulam 
in N/mm” and the properties of some of the strength classes given in BS EN 1194 are 
reproduced in Table 6.2. 

Mechanical properties of glued laminated timber can be derived from the equiva- 
lent properties of the softwood laminations being used. The relationships between the 
materials are given in Table A.1 of BS EN 1194 and summarised in Table 6.3. 

The properties of the laminations are those given in BS EN 338:2003 for softwood 
species, or they can be derived as described in BS EN 1194:1999. Particular strength 
requirements must also be met for the end joints in all laminations and alternative 
options for achieving this are given in BS EN 1194:1999, Clause 6.3.2. 

The equations in Table 6.3 are valid for homogeneous glulam made from softwood 
laminations but can also be used to calculate the properties of glued laminated timber 
that does not conform to any of the four strength classes given in the standard. 

Where the mechanical properties of a combined glued laminated member are re- 
quired, on the basis that the zones of different laminations equate to at least one-sixth 
of the beam depth (as shown in Figure 6.3b) or two laminations, whichever is greater, 
the relationships given in Table 6.3 will apply to the properties of the individual parts 
of the cross-section of the member. 
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Table 6.2 The strength, stiffness and density properties of homogeneous glulam strength 
classes (GL 24h, GL 28h and GL 32h) and combined glulam strength classes (GL 24c, 


GL 28c and GL 32c)* 
Homogeneous glulam Combined glulam 

Glulam strength class GL24h GL28h GL32h GL24c GL28 GL32c 
Bending strength 

fin.gk (N/mm?) 24 28 32 24 28 32 
Tension strength 

fio, (N/mm?) 16.5 19.5 22.5 14 16.5 19.5 

fi,90,¢,k (N/mm?) 0.4 0.45 0.5 0.35 0.4 0.45 
Compression strength 

fe.0,¢,k (N/mm?) 24 26.5 29 21 24 26.5 

fe,90,2,k (N/mm?) Ze 3.0 3.3 2.4 2 3.0 
Shear strength 

fax (N/mm?) 24 3.2 3.8 2.2 24 3.2 
Modulus of elasticity 

E ,g,mean(KN/mm7) 11.6 12.6 13.7 11.6 12.6 13.7 

Eo,2,05 (kN/mm?) 9.4 10.2 11.1 9.4 10.2 11.1 

E0,g,mean (KN/mm”) 0.39 0.42 0.46 0.32 0.39 0.42 
Shear modulus 

Ge,mean (kN/mm?) 0.72 0.78 0.85 0.59 0.72 0.78 
Density pg, (kg/m?) 380 410 430 350 380 410 


Note: For strength-related calculations, take Gg o5 = Eo,¢,05/16. 

Mean density is taken to be the average of the mean density of the inner and outer laminates, based on BS 
EN 338. 

* Based on the properties given in BS EN 1194:1999. 


In BS EN 1194 examples are given of beam lay-ups complying with the require- 
ments of Table 6.2, where the properties of the laminations in the section have been 
derived using the characteristic values in BS EN 338:2003 and these are summarised in 
Table 6.4. 

The characteristic bending strength, fm,x, in Table 6.2 relates to members with 
a minimum depth of 600 mm and a minimum thickness of 150 mm, and the tensile 
strength parallel to the grain, ft0,2,k, relates to members with a minimum width of 
600 mm and a minimum thickness of 150 mm. These strengths can be increased when 
glulam sections with smaller sizes are used by the application of a size effect factor, 
referred to in 2.3.6 and Table 2.11. EC5 only permits the factor to be applied to the 
depth for bending and the width for tension and makes no adjustment for thickness. 
The value of the factor, ky, is: 


| 
ky = min (ECS, equation (3.2)) (6.1) 


1.1 
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Table 6.3 The characteristic strength, stiffness and density properties of 
homogeneous glued laminated timber derived from the properties of the 


softwood laminations being used’ 


Characteristic property of 
homogeneous glued laminated timber 
made from softwood laminations 


BS EN 1194:1999 relationship 
(based on the properties of the 
softwood laminations*) 


Bending strength 
fing, (N/mm?) 


Tension strength 
fio.g,k (N/mm?) 
fi.90,2,k (N/mm?) 


Compression strength 
fe.0,2,.k (N/mm?) 
Fe.90,2,k (N/mm) 


Shear strength 
fox (N/mm?) 


Modulus of elasticity 
Eo,g,mean (N/mm7) 
Eo.2.05 (N/mm?) 
E0,g,mean (N/mm?) 


Shear modulus 

Gg mean (N/mm?) 
Density 

Ps,x (Kg/m*) 


=7+ 1.15 fro. 


=5+0.8fio1.% 
= 0.24 0.015 froix 


= 7.2 fcork 
= 0.7 Aco 1K 


S082 F ie 


= 1.05 Eo, mean 
= 0.85 Fo, mean 
= 0.035 £o,1,mean 


= 0.065 Eo,1,mean 


= 1.10/¢ x 


* The lamination properties are as follows: fi,0,1,k — the characteristic tensile strength of the 
softwood lamination in N/mm2; Eo,1,mean — the mean value of the modulus of elasticity of the 
lamination parallel to the grain in N/mm?; fe,k — the characteristic density of the softwood 
lamination in kg/m}. 

1 Based on Table A./ in BS EN 1194:1999, 


where h is the depth of the glulam member (in mm) when subjected to bending and 
the width of the glulam member (in mm) when subjected to tension. 

When using homogeneous glued laminated timber or combined glued laminated 
timber compliant with the strength classes given in BS EN1194:1999, Table 2 (i.e. the 
combined glulam strength classes given in Table 6.2 above), conventional bending 
theory will apply. The design procedure for uniform section straight members subjected 
to bending, shear, torsion and axial loading will be as described in Chapters 4 and 5, 
respectively, and the relevant strength property given in Table 6.2 will be used in the 
strength condition being validated. 

If combined glued laminated timber with properties that are not compliant with the 
GL 24c to GL 38c strength classes is to be formed, bending strength verification must 
be carried out at all relevant points in the cross-section, and because this will involve 
the analysis of members with different values of modulus of elasticity, the equivalent 
section approach (commonly referred to as the modular ratio approach) can be used for 
the analysis. In this method, the material used in the inner or the outer laminations is 
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Table 6.4 Examples of beam lay-ups compliant with Table 6.2, in which the 
characteristic properties are derived from the equations given in Table 6.3 using 
properties obtained from BS EN 338:2003 for the strength class being used for 
the laminations. 


Glulam strength classes GL 24 GL 28 GL 32 
Homogeneous glulam — lamination strength class C24 C30 C40 
Combined glulam: outer/inner — lamination strength C24/C18 C30/C24 C40/C30 
classes 


selected for use and the other material is replaced by an equivalent area of the selected 
material such that the force in the replaced material at any distance from the neutral axis 
caused by bending of the section will be the same as that to be taken by the original 
material at the same position. By this method, a section using only one material is 
formed and the theory of bending can be applied enabling the stress in the material 
selected for the section to be found directly. For the converted laminations, the stress 
is obtained by multiplying the calculated stress in these members by the ratio of the 
E value of the original material to the FE value of the selected material (called the 
modular ratio). The mean value of the glulam stress class, E09, mean, Should be used in 
the analysis. Further information on the method is given in Chapter 7. 

Design values of glued laminated members are derived in the same way as for solid 
timber sections, using those factors in ECS that are applicable to the material. For 
example, to derive the design bending strength of a glulam member compliant with BS 
EN 1194:1999, 

K mod : kn . Keys : Simyg,k 
YM 

where kmoq is the modification factor for load duration and service classes as given in 

Table 2.4, ky, is the modification factor for member size effect, referred to in Table 2.5, 

k.ys is the system strength factor discussed in 2.3.7, fm, is the characteristic bending 


strength of the glulam strength class being used, and yy is the partial coefficient for 
material properties, given in Table 2.6. 


fm, = (6.2) 


See Examples 6.7.1 and 6.7.2. 


6.4 DESIGN OF GLUED-LAMINATED MEMBERS WITH TAPERED, 
CURVED OR PITCHED CURVED PROFILES (ALSO APPLICABLE 
TO LVL MEMBERS) 


Glued laminated (and LVL) beams can be tapered or curved in order to meet archi- 
tectural requirements, to provide pitched roofs, to obtain maximum interior clearance 
and/or to reduce wall height requirements at end supports. The most common forms 
used in timber structures are double tapered beams and curved beams having a rectan- 
gular cross-section, as shown in Figure 6.4. 

Because of the sloping surface, with these members the distribution of bending 
stress is non-linear across any section and, in the apex zone of the beam types shown 
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(a) Single tapered beam (b) Double tapered beam 
(c) Curved beam (d) Pitched cambered beam 


Fig. 6.4. Single and double tapered, curved and pitched cambered beams. 


in Figures 6.4b—6.4d, radial stresses perpendicular to the grain are also induced. If the 
bending moment tends to increase the radius of curvature, the radial stresses will be 
in tension perpendicular to the grain and if it tends to decrease the radius of curvature, 
the radial stresses will be in compression perpendicular to the grain. 

With these types of beams it is recommended that the laminations are set parallel 
with the tension edge such that the tapered sides will be on the compression face when 
subjected to normal loading conditions. 


6.4.1 Design of single tapered beams 


These beams are rectangular in section and slope linearly from one end to the other 
as shown in Figure 6.5. No upper limit is set in EC5 for the angle of slope, a, but in 
practice it would normally be within the range 0-10°. 

These types of beams are used in roof construction and the critical design checks 
will relate to the maximum shear stress and the maximum bending stress condition at 
the ULS and the deflection behaviour at the SLS. 


I ot 
a re 
he { J 


% 
< x $i A b =I Om,0.d les Om,0 pellet 
<———— Effective span = L >| 
(a) (b) (c) (d) 


Fig. 6.5. A single tapered beam: (a) elevation; (b) section A—A; (c) bending stress; and 
(d) bending stress distribution used in ECS at section A—-A. 
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With regard to the maximum shear stress, because of the taper in the beam, the 
distribution of shear stress will vary across the depth of any section and along the beam 
length. When subjected to uniformly distributed loading or to a point load at mid-span, 
the maximum shear stress will occur at mid-height of the beam at the end where the 
beam depth is h, and will be: 


1.5 Va 
bh, 


where Vy is the design shear force at the end of the beam. 

If there is a requirement to determine the shear stress at any other position along 
the beam, a reasonably accurate approximation can be obtained using the approach 
adopted by Maki and Keunzi [5]. 

The design shear strength of the tapered rectangular beam is derived in the same 
way as described in 4.5.2 for a uniform rectangular timber section, and is: 


wd = (6.3) 


Kmod . Keys ‘ Jus.k 
YM 


where the factors are as previously defined and fy. is the characteristic shear strength 
of the glulam strength class being used. Where beam lay-ups not compliant with 
Table 6.2 are used, the shear strength should be based on the characteristic shear 
strength of the inner laminations. 

Also, because of the taper, when subjected to a bending moment, M, the bending 
stress distribution across the section will be non-linear as indicated in Figure 6.5c and, 
on the basis of analysis by Riberholt [6], at any cross-section along the tapered beam 
the maximum stress parallel to the tapered face at the tapered face and the maximum 
horizontal tensile stress on the horizontal face can be approximated to: 


usd _ (6.4) 


Tapered face bending stress = (1 — 3.7 tan” w)M /Wy (6.5a) 
Parallel face bending stress = (1 + 3.7 tan’ a)M/ Wy (6.5b) 


where W, is the section modulus about the y—y axis. 

In ECS, to simplify the design process, stresses in the section are derived using 
conventional elastic bending theory ignoring the taper effect. The bending stress at the 
tapered face acting parallel to the tapered face and the bending stress at the horizontal 
surface on the bottom face of the beam, as shown in Figure 6.5c, are taken to equal 
the bending stresses derived assuming there is no taper, as shown in Figure 6.5d. As is 
seen from equations (6.5) this will be a safe approximation for the stress at the tapered 
face but will slightly underestimate the stress at the bottom face. For beam tapers up to 
about 10% the stress on the bottom parallel face will be underestimated by a maximum 
of around 11%. When the taper increases beyond 10% the underestimate in the value 
of the stress on the bottom face increases relatively rapidly and it is recommended that 
in such circumstances equation (6.5b) be used to derive the maximum bending stress at 
this position and that the stress be validated against the bending strength of the section. 

On the basis of the EC5 approximation, when subjected to a design moment Mg at a 
position x measured from the end where the beam depth is hg, as shown in Figure 6.5, 
the maximum bending stress at the tapered face of the beam at an angle @ to the grain 
and at the outermost fibre on the beam face parallel to the grain will be: 

Ma 


Om,a,d = Om,0,d = WwW (ECS, equation (6.37)) (6.6) 
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Table 6.5 The position and value of the maximum bending stress in a single tapered beam when 
subjected to different loading conditions 


Loading condition _ Position of maximum Section modulus at the Maximum bending 
on a simply bending stress measured _ position of maximum stresses in the 
supported tapered from the end where the stress, W section at X, Om,e,d; 
beam depth is hs, x Om,0,d 
2 
L 2b h L- 
Uniformly — Tare W,= : i qax( #) 
distributed load, gq eran 3 [fee 2Wx 
hs hs 
hs 
Point load at mid when — < 3: 
span, Qa . 
cee b(hy + hs)? Qax 
wl, = ——— 
2 24 2(W1x) 
when — > 3 
Ss 
L 
SS _ 2 2 Oax 
(+ : i) ene a 2W2,) 
Ss 


where oy,«,d is the design bending stress at an angle a to the grain as shown in Figure 
6.5d, Om,o,a is the design bending stress parallel to the grain as shown in Figure 6.5d, 
and W is the section modulus at the position of the applied moment = bh?/6, with b 
the member width and h the member depth at position x. 

These stresses will be a function of the type of loading and the beam geometry, and 
where the beam is simply supported with a profile as shown in Figure 6.5, the maximum 
stress condition will occur when x has the value given in Table 6.5. The values of the 
maximum stresses in the section at position x are also given in the table. 

The design requirement in ECS is that at the outermost fibre of the tapered edge the 
design stress, Om,,d, Must satisfy the following expression: 


Oma,d < km * fd (EC5, equation (6.38)) (6.7) 
where fm,a is the design bending strength of the glulam member as defined in equation 


(6.2) and ky. is as follows: 


(a) For tensile stresses parallel to the tapered face of the beam: 
1 


* JT + Gma/(O.75~ fy.g) tana)? + (fn,a/ficoo.a) tan? a? 
(ECS, equation (6.39)) (6.8) 


where fq is the design shear strength of the beam and for a glulam beam: 


kmod ‘ Keys . Sugk 
fa = ———— 
YM 


Ji.90,4 18 the design tensile strength of the beam and for a glulam beam: 


kmod ‘ Kgys : Si,90,g, 
YM 


f,90,4 = 
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Fig. 6.6. Strength reduction factor km,, for tapered glulam members (dashed lines for 
tension stresses and solid lines for compression stresses parallel to the tapered face). 


(b) For compressive stresses parallel to the tapered face of the beam: 


1 


a 
V1+(fma/(.5 + fi,a) tana)? + ((fm,a/fe,90,4) tan? a)? 
(ECS, equation (6.40)) (6.9) 


where f,.99,q is the design compressive strength perpendicular to the grain and 
for a glulam beam: 


kmod : Keys i Sc,90,2,k 
YM 


Fe,90,d = 


In the above relationships the functions kmoa, ksys and yy are as previously defined 
and fi,s.k» ft,90,2,k and fo,90,2,k are the characteristic shear strength, the characteristic 
tension strength perpendicular to the grain and the characteristic compression strength 
perpendicular to the grain respectively. Values of the strength properties for GL 24, GL 
28 and GL 32 are given in Table 6.2. 

Figure 6.6 shows the effect of the reduction factor, km, when applied to glulam 
beams of homogeneous glulam compliant with the strength classes given in Table 1 
of BS EN 1194:1999. For tensile stresses parallel to the tapered edge, the factor is 
represented by a dashed line and for compression stresses parallel to the tapered edge, 
by a solid line. It can be seen that the value of km, is primarily dependent on the angle 
of taper of the beam and the largest strength reduction will always be associated with 
the condition where the tapered face is subjected to tension. For example, when using 
a beam with a taper of 10°, irrespective of the strength grade of the glulam, the bending 
strength will only be approximately 35% of the non-tapered beam of the same depth 
when subjected to tension bending stresses parallel to the tapered edge, compared to 
approximately 70% when it is subjected to compression bending stresses on the same 
face. 
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Where the relevant stress being considered is a compression bending stress, the effect 
of lateral instability will also have to be taken into account and for such conditions: 


Om,0,d < Kerit fm,d 


and/or 


Om,a,d < KeritKm.a Sma (6.10) 


In equation (6.10) the functions are as previously defined and k,,it is the lateral torsional 
instability factor referred to in 4.5.1.2. An approximate conservative value of kit Will 
be obtained by assuming a uniform beam depth of he. 

If the benefit of the size factor is to be taken into account or the design condition 
arises from some loading arrangement other than those referred to in Table 6.5, the 
position and value of the maximum stress condition will have to be obtained by trial 
and error, calculating the stresses at intervals along the beam length. 

Because of the tapered profile, deflection calculations are more involved than those 
required for beams with a uniform profile and equations to calculate the flexural and 
shear deflection for this type of beam when subjected to a uniformly distributed load 
or a point load at mid-span are given in Annex 6.1. They are based on the deflection 
equations for tapered beams given in the Timber Designers’ Manual [7]. The maximum 
deflection is taken to occur at the centre of the beam span, which is acceptable for design 
purposes. 


See Example 6.7.3. 


6.4.2 Design of double tapered beams, curved and pitched cambered beams 


6.4.2.1 


These types of beams are shown in Figure 6.7 and are rectangular in cross-section. 

The critical design checks for these beams are the same as those referred to in 
6.4.1 for single tapered beams. At the ULS the maximum shear stress and the maximum 
bending stress condition must be validated, and at the SLS the deflection behaviour 
must be shown to be acceptable. With these profiles, however, in addition to design 
checks in the tapered area of the beam, the stress condition in the apex zone must also 
be validated, taking into account the effect on material strength arising from: 


e residual stresses caused by the production process, 

¢ stress distribution and volume effects, 

e the combination of shear stresses in the zone and radial tension stresses perpen- 
dicular to the laminations caused by bending. 


The stressed volume in the area of the apex affected by the radial stresses referred to 
above is illustrated in Figure 6.7, and in ECS it is called the apex zone. The zone must 
be limited to a maximum of 2/3V,, where V, is the total volume of the beam. 


Bending and radial stresses in the apex zone — for double tapered and pitched 
cambered beams 

In the apex zone of double tapered beams and of pitched cambered beams, the bending 
stress distribution is complex and non-linear and is shown in Figure 6.8 for a double 
pitched beam. The bending stress at the apex will be zero and the bending stress 
distribution will be as shown in Figure 6.8c. The radial stress induced in the section 
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Beam volume 
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(c) Pitched cambered beam 


Fig. 6.7. Apex zones for curved, double tapered and pitched cambered beams are shown 
shaded. 
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Fig. 6.8. Bending and radial stresses in the apex zone of a double tapered beam: 


(a) elevation of a double tapered beam; (b) section at apex; (c) bending stress at apex; 
(d) radial stress at apex. 
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will be a maximum at the neutral axis position and the distribution will be as indicated 
in Figure 6.8d. 


6.4.2.1.1 Bending stress in the apex zone 
Under the action of a design moment M,pq at the apex, the maximum bending stress, 
Om,0,d, Shown in Figure 6.8c is defined in ECS as: 
6Map.a 
bh. 


Om,0,d = ke (ECS, equation (6.42)) (6.11) 
where b and hyp are the width and depth, respectively, of the section at the apex as 
shown in Figure 6.8b and: 

ke is obtained from 


2 3 
hiss hap Nap . 
ke =ky +k +k3{ —] +ks{ — ] (ECS, equation (6.43)) (6.12) 
r r 


r 


kj =1+1.4tan(a@ap) + 5.4 tan (ap) (ECS, equation (6.44)) (6.13) 
ky = 0.35 — 8 tan(aap) (ECS, equation (6.45)) (6.14) 
kz = 0.6 + 8.3 tan(@ap) — 7.8 tan? (ap) (ECS, equation (6.46)) (6.15) 
ky =6 tan? (ap) (ECS, equation (6.47)) (6.16) 
r =7Pin + O0.5lap (ECS, equation (6.48)) (6.17) 


where 77, is the inner radius of the beam, as shown in Figure 6.7c for a pitched cambered 
beam. 

As an alternative to calculation, the value of kg can be obtained from Figure A6.3, 
where the function is plotted for various angles of a) over a range Of hap/Trin from 0 
to 0.5. 


6.4.2.1.2_ Radial stress in the apex zone 
The radial stress in a double tapered and a pitched cambered beam can be taken to be 
a maximum at the neutral axis position, as shown in the case of a double tapered beam 
in Figure 6.8d, and reduces to zero at the top and bottom faces. 

Under the action of a design moment, Mapa, at the apex the critical radial stress 
condition will be the maximum tensile stress perpendicular to the grain, o;,99,4, and in 
accordance with the requirement of NA.2.4 of the UKNA to ECS [8] the stress will be 
derived from 

6M, ap,d 


7 5 (ECS, equation (6.54)) (6.18) 
bhi, 


61,90,4 = k, 


where b and hyp are the width and depth, respectively, of the section at the apex as 
shown in Figure 6.8b and for a double tapered beam k, = 0.2 tan(@,p) and for a pitched 
cambered beam it is obtained from: 


Ny hap \* 
kp = ks + ke (=) + ky (“) ( ECS, equation (6.56)) (6.19) 
r r 


ks = 0.2 tan(op) (ECS, equation (6.57)) (6.20) 
ko = 0.25 — 1.5 tan(cap) + 2.6 tan?(cap) (ECS, equation (6.58)) (6.21) 
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Omax 
(a) Curved beam (b) Beam section (c) Bending (d) Radial stress 
elevation stress (tension) 
Fig. 6.9. Bending and radial stresses in a curved beam. 
k7 = 2.1 tan(@ap) — 4 tan? (clap) (ECS, equation (6.59)) (6.22) 


6.4.2.2 


r =TFin +0.5hagp as defined in equation (6.17). 


As an alternative to calculation, the value of k, can be obtained from Figure A6.4, 
where the function is plotted for various angles of a) over a range of hap/Tin from 0 
to 0.5. 


Bending and radial stresses in the apex zone — of a curved beam 
Unlike the case of a uniform straight beam, under the action of a pure moment on a 
uniform section curved beam, as shown in Figure 6.9, the bending stress distribution 
across any section along the beam will not be linear. The position of the neutral axis 
will be below the centroidal axis and the bending stress distribution will be as shown in 
Figure 6.9c, with the maximum bending stress occurring at the inner radius position. 
The radial tension stress induced in the section will be a maximum at the neutral 
axis position reducing in a non-linear manner to zero at the outer faces as indicated in 
Figure 6.9d. 


6.4.2.2.1_ Bending stress in the apex zone 


The bending stress distribution in a curved beam can be derived using the Airy stress 
function written in terms of polar coordinates, and the maximum bending stress will 
be shown to occur at the inner radius position as indicated in Figure 6.9c. In ECS a 
close approximation to the value of the maximum stress at the inner radius position in 
the apex zone of a curved beam of breadth b and depth hay when subjected to a design 
moment M,, 4 is obtained from ECS, equation (6.42), by setting the angle of taper, aap, 
equal to 0 in EC5, equation (6.43), as follows, 


6Ma 
m. = Keurve iD 
Om,0,d ib bh2, (6.23) 
where 
hap lies \? 
Kourve,o = 1+ 0.35 | — }] + 0.6 | — (6.24) 
r r 


and r = rin + 0.5hap as defined in equation (6.17). 
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As an alternative to calculation, the value of Kcurve,p can be obtained from Figure 
A6.3, where the value of the function will equal the value of kp when taking ag) = 0°. 


6.4.2.2.2_ Radial stress in the apex zone 


6.4.2.3 


6.4.2.4 


As with double tapered and pitched cambered beams, the radial stress can be taken 
to be a maximum at the neutral axis position, and will reduce to zero at the top and 
bottom faces as shown in Figure 6.9d. 

Under the action of a design moment, M,p a, at the apex, in ECS the maximum tensile 
stress perpendicular to the grain, o;,90,4, at the neutral axis position in the apex zone 
of a curved beam of breadth b and depth h,, is obtained from ECS, equation (6.54), 
by setting ap (the angle of taper) equal to zero in ECS, equation (6.56). In accordance 
with the requirement of NA.2.4 in the UKNA to ECS the stress will be: 


6Map,a 


aa (ECS, equation (6.54)) (6.25) 
bhi, 


Ot,90,d = Keourve,t 
where Keurve,t = 0.25(hap/r), and, as defined in equation (6.17), r = rin + 0.5/ap. 


Bending strength in the apex zone — for double tapered beams, curved beams and 
pitched cambered beams 
When a curved or pitched cambered glulam beam is being formed, the laminates are 
bent to the required curvature for the beam and as a consequence are subjected to a 
bending stress. This effect is not relevant to double tapered beams as they are produced 
from conventional glulam beams formed using straight laminations. 

To take the effect of this bending stress into account, a stress reduction factor derived 
from tests is applied to the bending strength of the glulam beam and the reduced design 
bending strength, f,m,o,a, is given in EC5, equation (6.41), as follows: 


Si.m,0,4 = kr fm,0,4 (6.26) 


where fm,.o,a is defined in equation (6.2) and k, is a reduction factor. As there is no 
stress reduction in the case of double tapered beams, for this type the factor is taken to 
be 1. For curved and pitched cambered beams, the factor is based on the ratio of 7;,/T, 
and the EC5 requirement is 


¢ when rj,/t > 240 no strength reduction is required, 
¢ when 7j,/t is less than 240 the modification factor is 0.76 + 0.001 (7in/t). 


Here the inner radius of the curved beam, 7;,, and the lamination thickness, t, are shown 
in Figure 6.7. 


Radial tensile strength in the apex zone — for double tapered beams, curved beams 
and pitched cambered beams 

Larsen [9] and Colling [10] have shown that with these beam types the tensile strength 
in the apex zone of the section will be affected by stress and volume effects. Factors 
for these effects have been developed, and in EC5 the design tensile strength of the 
beam member at right angles to the grain, f,t,90,4, 1s obtained from 


Sr.t,90,4 = KaisKvoi ft,90,d (6.27) 


where ft,90,a is defined in equation (6.8) and kgis is a stress distribution factor in the 
apex zone. It is 
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Table 6.6 The stressed volume of the apex zone 
Maximum 
allowable 
value of the 
Figure stressed 
reference Beam type Stressed volume! (V) volume* 
. pr 2 
Figure 6.7a Curved beam 7302 (ax + 2hapris) 3 ve 
2 
Figure 6.7b Double tapered beam bhi,(1 — 0.25 tan(ap)) 3 Vat 
‘ : ‘ 4 4 Aap 2: 
Figure 6.7c Pitched cambered beam b(sin(aap) COS(Qap (Tin + Aap) rn 180 ) 3 Voe 


* The beam volume reference is shown in Figure 6.7. 
1 Angles B and @ are in degrees. 


e 1.4 for double tapered and curved beams, and 
e 1.7 for pitched cambered beams. 


Kyoi is a volume factor, which for solid timber is equal to 1, and for glued laminated 


timber (and LVL), 


V, 0.2 
kyo aod (2) 
4 


where all veneers are parallel to the beam axis and Vo is the reference volume against 
which the function exponent has been derived, and equals 0.01 m?; V is the stressed 
volume (in m?) of the apex zone with a maximum value of 2Vpeam/3, where Vpeam 18 


the volume of the beam. 


From the geometry of the apex zone, for the beam types shown in Figure 6.7, all 


having a thickness b, the stressed volume, V, is given in Table 6.6. 


6.4.2.5 Criterion for bending stress — for double tapered beams, curved beams and pitched 


cambered beams 


To achieve an acceptable design, the design bending stress in the apex zone of the beam 


section must be no greater than its reduced design bending strength, 1.e.: 


Om,0,d < kr fm,0,d (EC5, equation (6.41)) (6.28) 


where om,0,4 18 the design tensile bending stress in the apex zone and is obtained from 
6.4.2.1.1 for double tapered beams and pitched cambered beams, and 6.4.2.2.1 for 
curved beams; k; fm,o,a is the reduced design bending strength of the apex zone of the 
beam and is obtained from 6.4.2.3 for double tapered beams, pitched cambered beams 


and curved beams. 


6.4.2.6 Criterion for radial tension stress — for double tapered beams, curved beams and 


pitched cambered beams 


To achieve an acceptable design, the design tensile stress perpendicular to the grain in 
the apex zone of the beam section for the relevant beam type must be no greater than 


its reduced design tension strength, i.e.: 


01,90,d < Kaiskvot ft,90,4 (EC5, equation (6.50)) (6.29) 
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where 0;.90,4 is the design tension stress in the apex zone and is obtained from 6.4.2.1.2 
for double tapered beams and pitched cambered beams, and 6.4.2.2.2 for curved beams; 
Kaiskvoi f.t,90,a 18 the reduced design tensile strength of the apex zone of the beam and is 
obtained from 6.4.2.4 for double tapered beams, pitched cambered beams and curved 
beams. 


See Example 6.7.4. 


6.4.3 Design of double tapered beams, curved and pitched cambered beams subjected 
to combined shear and tension perpendicular to the grain 


When double tapered beams, curved beams and pitched cambered beams of breadth b 
and depth hap at the apex are subjected to combined shear stresses and tension stresses 
perpendicular to the grain, these stresses will interact and in EC5 the criterion to be 
met at the design condition is: 


= ee (EC5, equation (6.53)) (6.30) 
va Kaiskvot ft,90,¢ 


where 


Tq is the design shear stress at the apex section. When the design shear force at 
the apex is Fy, the design shear stress can be assumed to be tg = 3 Fg/2bhap; 
Jv.a is the design shear strength of the beam and for a glulam beam it will be 
kmodKsys fv,2,k/YM>» Where the functions are as previously defined; 

0;,90,a1S the design tension stress on the beam at the apex and, for the relevant 
beam type, is obtained from 6.4.2.1.2 and 6.4.2.2.2; 

Kaiskvoi ft,90,4 1S the reduced tensile strength of the beam perpendicular to the grain 
and is obtained from 6.4.2.4. 


6.5 FINGER JOINTS 


If large finger joints complying with the requirements of BS EN 387:2001 [11] are 
required to be incorporated into a design where the direction of grain changes at the 
joint, this is only permitted for products to be installed in service class | or 2 conditions. 


ANNEX 6.1 


Deflection formulae for simply supported tapered and double tapered beams sub- 
jected to a point load at mid-span or to a uniformly distributed load. 


The equations for deflection due to bending moment and to shear at mid-span in 
simply supported tapered and double tapered beams when subjected to a mid-span 
point load or a uniformly distributed load along the length of each beam type are 
based on the equations in the Timber Designers’ Manual and are given in Table A6.1. 
Although the maximum deflection in a tapered beam when subjected to a point load at 
mid-span will be marginally off centre, the use of the central deflection value is good 
enough for design purposes. 

A graphical representation of the equations in Table A6.1 is given in Figures A6.1 
and A6.2. 
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(b) Double tapered beam 


Deflection factor K5 
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Fig. A6.1 Values of ks, and ks, for tapered beams. 
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Deflection factor ks 


k35p 


kAss 


1 12 1.4 1.6 1.8 2 2.2 24 2.6 
Ratio of Agp/h, 


Fig. A6.2 Values of ks, and ks, for double tapered beams. 


ANNEX 6.2 


Graphical representation of factors k, and k, used in the derivation of the bend- 
ing and radial stresses in the apex zone of double tapered curved and pitched 
cambered beams. 


1 
0 005 O01 O15 02 0.25 03 035 04 045 0.5 
Red 


Fig. A6.3 Plot of ky against the ratio ha) /rin for various angles of slope dap. 
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Fig. A6.4 Plot of k, against the ratio ha)/rin for various angles of slope dap. 
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6.7 EXAMPLES 


As stated in 4.3, Chapter 4, in order to verify the ultimate and serviceability limit states, 
each design effect has to be checked and for each effect the largest value caused by the 
relevant combination of actions must be used. 

However, to ensure attention is primarily focussed on the EC5 design rules for the 
timber or wood product being used, only the design load case producing the largest 
design effect has generally been given or evaluated in the following examples. 


Example 6.7.1 A series of glulam beams 115 mm wide by 560 mm deep with an effective span 
of 10.5 m is to be used in the construction of the roof of an exhibition hall. The roof comprises 
exterior tongued and grooved solid softwood decking exposed on the underside and covered on 
the top with insulation and a weather protective roof covering. The decking will provide full 
lateral support to the beam but load sharing between the beams is assumed not to apply. The 
beams are glulam strength class GL 24h to BS 1194:1999 and will function in service class 1 
conditions. The bearing length at the end of each beam is 155 mm. Assume that the limiting value 
for vertical deflection at the instantaneous condition is span/300 and at the net final condition is 
span/250, for the loading condition given below: 


(a) determine the required pre-camber in each beam; 
(b) confirm that the beams will comply with the design rules in EC5. 


Beam loading: 


Characteristic permanent vertical load on each beam 1.4kN/m 
Characteristic short-term variable vertical load on each beam 2.5 kN/m 
< 115mm + 


_ 560 mm | 


Fig. E6.7.1 
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1. Glulam Beam geometric properties 
Breadth of each beam, b 


Depth of each beam, h 

Effective span of each beam, ¢, 

Bearing length at each end of a beam, fy 
Section modulus of each beam about the 
y-y axis, W, 


2. Glulam properties 
Table 6.2, homogeneous grade GL 24h 


Characteristic bending strength, fn.ek 
Characteristic shear strength, f\ 9k 
Characteristic bearing strength, fo.90.0. 


Mean modulus of elasticity parallel to 
grain, F.g.mean 


Mean shear modulus, Go.¢ mean 


Mean density of each beam 
(based on the ratio of Pm/ px obtained 
from BS EN 338:2003) 


3. Partial safety factors 


b= 115mm 

h = 560mm 

¢=10.5m 

fy = 155mm 

W, = 2 - W, = 6.01 x 10mm? 


fngk = 24N/mm? 

fvgk = 2.7 N/mm? 
fe90.¢k = 2.7 N/mm? 
Fo..mean = 11.6 kN/mm? 


Go.g.mean = 0.72 kKN/mm? 


Pm = 1.2 x 380kg/m? 
Pm = 456 kg/m? 


Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B))) for the ultimate limit states 


(ULS) 
Permanent actions, yg 


Variable actions, yg 


Table 2.2 (UKNA to BS EN 1990:2002, Table NA.A1.1) 


Factor for quasi-permanent value of 
variable action, 


Table 2.6 (UKNA to ECS, Table NA.3) 
Material factor for glulam at ULS, yw 


4. Actions 
Self-weight of a beam, Gx settwt 


Design action from the self-weight of a 
beam, Fa seltwt 


Characteristic permanent action on a 
beam, Gi,p 


Characteristic variable (imposed) 
short-term action on a beam, Qk p 


Yo = 1.5 
Wr = 0.0 


Gx seltwt =b-h.- 8° Pm 
Gx selfwt = 0.29kN 


Fa settwt = YG * Gk seltwt 
Fi seltwt = 0.39 kN/m 
Gyp = 1.4kN/n 


Ox» = 2.75 kN/m 
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Design action from permanent action, Fap =¥o°Gep + Vo QOkp + Ve ° Gksettwt 
short-term action and self-weight for 

the critical load case at the ULS, Fup 

(Table 2.8, equation (c) using the Fap = 6.4kN/m 
unfavourable condition variable 

action) 


. Modification factors 


Factor for short-duration loading and Kmod.short = 0.9 
service Class 1, Kmod.short 
(Table 2.4 (ECS, Table 3.1)) 
Size factor for depth less ky =/1.0 if h> 600mm 
than 600 mm, kp, 
(Table 2.11 (ECS, 3.3)) 600mm \"" 600 mm \ °" 
if 1l1l< 
h h 
1.1 otherwise 
ky = 1.1 
Lateral stability of a beam, Kerit Kerit = 1 


(4.5.1.2 (ECS, 6.3.3)) 


Bearing factor, k..99 Kkeo9 = 1 
(equation (4.22) (ECS, 6.1.5 (1))) 


Deformation factor for service class 1,  kaep = 0.6 


Ket, 
Table 2.10 (ECS, Table 3.2) 
Load sharing factor, k,y,; —notrelevant ky; = 1 


. Bending strength 
The design load case will be due to a combination of the self-weight of the beam plus 
the permanent and variable loading: 


Fasc 
Design bending moment, Ma, Ma= =a Mg = 88.25kNm 
: Ma 2 
Design bending stress, om,., Omy.d = W. Om.y.d = 14.68 N/mm 
y 


Design bending strength, fy. 
kmod.short Keys ky , fin.g.k 


Smya = 19.01 N/mm? 
YM 


Timy.d a 


Design bending strength taking lateral finr.y.a = Kerit > fmy.d 

torsional buckling effect into account, 

Si mr.y.d 

(equation (4.13); ECS, equation (6.33)) 

fr.y.d = 19.01 N/mm? 

Bending strength of a glulam beam greater 
than the bending stress and is satisfactory for 
this loading condition 


230 = Structural Timber Design to Eurocode 5 


7. Shear strength 


The design load case will be due to a combination of self-weight of the beam plus the 
permanent and variable loading: 


Design value of the end shear force, Va= - Va = 33.62 kN 
Va 

7 3 Va y} 
Design shear stress, Ty.4 1 5 ih. Ty.q = 0.78 N/mm 


(equation (4.16)) 
Design shear strength, fv.a 
(equation (6.4)) 
Kmod.shor * kg s 7 KA. wk 
iva = d z : 
YM 


fua = 1.94N/mm2 


Shear strength is 
satisfactory 


8. Bearing strength 
The design load case will be due to a combination of self-weight of the beam plus the 
permanent and variable loading: 


Design value of the end reaction, Reacg = Va Reacg = 33.62 kN 


Reacg 


R 
le cog = 1.89 N/mm? 
b- ty 


Design bearing stress, o¢.90.4 0c.00.d = 
(equation (4.22)) 


Design bearing strength, 


Fc.90.4 
(equation (4.23)) 


Kmod.sho : kg s° Fe.90. kK 
fes0a = . ei f90.4 = 1.94N/mm 


Factored design bearing strength, keo0- fe.90.4 = 1.94 N/mm? 

ke.90 fe.90.d 

(equation (4.22)) 
Bearing strength is OK without need to use a 
higher value for k,.99 


9. Beam deflection 
At the SLS the partial safety factor is 1. 


As the member is material having the same creep properties, the mean value of stiffness 
will be used to derive the instantaneous and the final deflection of the beam. 

The greatest value of instantaneous deflection at the SLS will be associated with the 
largest value of bending moment and will be due to the characteristic combination of the 
self-weight of the beam plus the permanent and variable loading. 
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Deflection due to bending and shear effects 
Instantaneous deflection due to loading on the beam ung (Table 4.7) 


5 - (Gk seltwt + G aS ded E mean h 2 
bets. (Gx settwt + Grp) : : ef) Gases es (5) Uinst ae = 14.29mm 


32: E.g.mean -b-h Go.g.mean L 
vino = ote) | 1 40.96. Zeeman. (2)" Wins.g = 23.27 mm 
moe 32: Eo.2.mean -b- h3 Go.g.mean L mee , 
Instantaneous deflection at the — Winst = Uinst.de + Uinst.O Uinst = 37.56mm 
mid-span of a beam, Uinst 
ee : L 
Limitation on deflection at the Wing = 300 Winst = 35mm 


instantaneous state — 

span/300, Winst 

(Table 4.6 (ECS, Table 7.2)) i.e. beam deflection 
exceeds the limit 


Final deflection due to Ufin.G = Uinst.ae «(1 + Kader) Ufin.G = 22.86mm 
permanent actions, Wfin.G 

(equation (4.41); ECS, 

equation (2.3)) 


Final deflection due to Ufin.Q = Uins.g ‘(1 + Wr - ker) Ufn.g = 23.27mm 
variable and quasi-permanent 

actions, Ufin.g 

(equation (4.42); ECS, 

equation (2.4)) 


Final deflection due to Unet.fin = Utin.g + Ufin.g Unet.fin = 46.13 mm 
permanent and 
quasi-permanent actions, 


Unet.fin 
. PD £ 
Adopting ECS limitation on Wnet.fin = 750 Wnetin = 42mm 
deflection — use span/250, 
Whet.fin 
(Table 4.6) 
Precamber to be provided 
precamber = max[(Uinst — Winst), (Unet.tin — Wnet.tin) ] precamber = 4.13 mm 


Provide a precamber of 10mm 
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Example 6.7.2 The glulam column shown in Figure E6.7.2 is made from combined glulam 
grade GL 24c to BS EN 1194:1999, has a cross-section of 125mm»x 450 mm, and functions 
under service class 2 conditions. It supports a characteristic permanent compressive action 
(including an allowance for the effect of its self-weight) of 40 KN and a characteristic variable 
medium-term compressive action of 75 kN. The column is 4.0 m high and at each end it is 
effectively held in position but not in direction about the z—z axis and the y-y axis. The axial 
load is offset from the centroid of the column as shown in the figure. 
Check that the column will comply with the ULS requirements of ECS. 


0 -~ 
Lites hy 
<= 50mm 


yor SySey 
J * a 


r" 


125 mm 


A-A 
Fig. E6.7.2 


1. Glulam column geometric properties 
Actual column length, L L=40m 


Effective length of the column Ley = 1.0L te. Ley =4m 
buckling about the y—y axis, Le, 

(Table 5.2) 

Effective length of the column Le 
buckling about the z—-z axis, Le, 

(Table 5.2) 

Effective length of the member f= Lb lop = 4m 
acting as a beam with a constant 

moment along its length, Cer 

(Table 4.2 (ECS, Table 6.1)) 


Width of the column, b b= 125mm 
Depth of the column, h h = 450mm 
Cross-sectional area of the column, A=b-h A = 5.63 x 10* mm? 
A 

b-h? 8 ri 
Second moment of area of the h= I, = 9.49 x 10° mm 

? 12 ? 
column about the y—y axes, /, 
21, 

Section modulus about the yy axes, Wy, = ae W, = 4.22 x 10°mm3 


Wy 
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Radius of gyration about the y—y 
axis, iy 

Slenderness ratio about the y—y 
axis, Ay 


Second moment of area of the 
column about the z-z axis, /, 


Radius of gyration of the column 
about the z-z axis, i, 


Slenderness ratio about the z—z 
axis, Az 


. Glulam properties 
Table 6.2, combined grade GL 24c 


Characteristic bending strength 
about y—y axis, fn.y.¢k 
Characteristic compression 
strength parallel to the grain, 
St c.0.g.k 

Fifth-percentile modulus of 
elasticity parallel to the grain, 
E.05.2 


Fifth-percentile shear modulus, 
Go.05.2 


. Partial safety factors 


I 
iy = 7 
Le 
y= — 
. ly 
heb 
seme a) 
. fk 
lz => A 
Az = 110.85 


Sm.y.gk = 24 N/mm? 


fe.0.2.k = 21 N/mm? 


F.05.g =9.4 kN/mm? 


Fo.05.2 
16 


Go.05.2 = 


iy = 129.9mm 
3099 
I, = 7.32 x 10’ mm* 


i, = 36.08 mm 


Go.05.2 = 0.59 kN/mm? 


Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B))) for the ULS 


Permanent actions, yg 


Variable actions, yg 


Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for glulam, yyy 


. Actions 
Characteristic permanent 
compressive action, Gx 


Characteristic medium-term 
compressive variable action, Ox 


Design compressive action for 
the critical load combination, Ng 
(Table 2.8, equation (c) using the 
unfavourable condition variable 
action) 


Yo= 1.5 
Gy = 40kN 
Ox = 75kN 


Na=Y¥o:Gxrt+yo- Ox 


Na = 1.67 x 10°N 
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Moment about the y—y axis: 
Eccentricity, e, 


Design moment about the y—y 
axis, My q 


5. Modification factors 
Factor for medium-duration loading 
and service class 2, Kmod,med 
(Table 2.4 (ECS, Table 3.1)) 


System strength factor, ky, — not 
relevant 


Depth factor for glulam — for 
bending, kp 
(Table 2.11 (EC5, 3.4)) 


ky = |1.0 if h> 600mm 


0.1 0.1 
(—) if 1i< (a=) 


h 


1.1 otherwise 


6. Strength of column 


e, = 50mm 


Mya=Na- ez 
kmod,med = 0.8 
Keys =1 


My 4 = 8.32kNm 


ky = 1.03 


The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-term duration variable action: 


Moment condition 

Design bending moment about the y—y 
axis, My q 

Design bending stress about the y—y 
aXiS, Om.y.d 


Design bending strength about the y—y 

axis, fm.y.d 

kmod,med 2 Keys : ky ei Smy.gk 
YM 


Redistribution factor for a rectangular 
section, km 
(4.5.1 (ECS, 6.1.6)) 


finy.d = 


My qa = 8.32kNm 


Mya 


Wy 


Om.y.d = 


km = 0.7 


Om.y.d = 1.97 N/mm? 


Smya = 15.81 N/mm2 


Buckling resistance condition — lateral torsional buckling under major axis bending 


(4.5.1.2 (ECS, 6.3.3)) 


Lateral stability factor, Kerit (4.5.1.2 (ECS, 6.3.3)) 
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Critical bending stress, Om-crit 
(equation (4.7c); EC5, equation (6.31)) 


; b\ 705 
m+ b* | Eoos.¢ - Go.os.g* | 1 — 0.63 - ; 


Om.crit = Om.crit = 58.21 N/mm2 
h- Leg 


Relative slenderness for Arelm = ,/ Jmysk Arelm = 0.64 
Om.crit 


bending, Arel.m 
(equation (4.10); ECS, 
equation (6.30)) 


Lateral stability factor, Kerit Kerit = 1 
(Table 4.3 (ECS, equation 
(6.34))) 


Axial compression condition 


>|= 


Design compression stress, Oc.0.d = Oc.0.d = 2.96 N/mm? 
Oc.0.d 

Design compression 

strength, food 


kmod,med j Keys 7 Fe.0.2.k 
feo. = 
YM 


feo. = 13.44N/mm? 


Buckling resistance condition (5.4.1 (ECS, 6.3.2)): 


Relative slenderness about Arely = 
the y-y axis, Arel.y 

(equation (5.3); 

ECS, equation (6.21)) 

Relative slenderness about the Mea = 
Z-Z AXIS, Arel.z 

(equation (5.3); ECS, equation 

(6.22)) 


Arey = 0.46 


Keg 167 


Factor 6, for glulam Be = 0.1 
(equation (5.6); EC5, equation (6.29)) 


Factor ky 
(equation (5.5a); EC5, equation (6.27)) 


ky = 0.5- [14+ Be- Arety — 0.3) +2), ] ky = 0.62 


rel.y 
os . 1 
Instability factor about the y—y axis ky = 
(equation (5.4a); EC5, equation (6.25)) ky +,/ ky — 2 ‘i 
Key = 0.98 
Factor k, 
(equation (5.5b); EC5, equation (6.28)) 


k, = 0.5[1 + Be» Aretz — 0.3) + Zr] k, = 1.96 


tel.z 
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1 


Instability factor about the z-z axis kk. = ——————— kez = 0.33 
(equation (5.4b); ECS, equation (6.26)) k,+, [k2 _ Nes 
Combined stress conditions 
. Son O¢.0.d Om.y.d 
Compression stress condition — = 0.35 
about the y—y axis Key food mya 
(equation (5.35) (ECS, 6.3.2(3))) 
Compression stress condition i +km- ia 0.75 
about the z—z axis kez : Se.0.d Simy.d 
(equation (5.36) (ECS, 6.3.2(3))) 

; vos ( Om.y.d ) Oc.0.d 
Combined stress condition ; = 0.67 
(equation (5.38); EC5, equation Keri’ mya) kez food 
(6.35)) 


As all relationships are less than unity, the glulam member will meet the ULS requirements of 


ECS. 


Example 6.7.3 Single tapered glulam beams 150 mm wide, having a profile as shown Figure 
E6.7.3, and with an effective span of 9.0 m are to be used in the construction of the roof of an 
exhibition hall. The roof is braced laterally at 3.0 m centres along its top face to provide full 
lateral support at these positions and load sharing between glulam beams will not apply. The 
beams are glulam strength class GL 28h in accordance with BE EN 1194:1999 and will function 
in service class | conditions and is to be subjected to the characteristic loading given below. 


Confirm the beam will comply with the design rules in ECS. 
Beam loading: 


Characteristic permanent vertical load on each beam 1.65 kN/m 
Characteristic short-term variable vertical load on each beam = 2.25kN/m 


h,= 320 mm ay 


Zz he = 750 mm 


es Effective span = 9.0 m : 


Fig. E6.7.3 


1. Glulam beam geometric properties 
Breadth of each beam, b b= 150mm 
Minimum depth at the tapered end, h, h, = 320mm 


Maximum depth of each beam, /1¢ he = 750mm 
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Effective span of each beam, 


Distance between bracing 
positions along the tapered face, €, 


Bearing length at each end of the 
beam, ¢, 


Angle of slope of the tapered face, 
a 


. Glulam properties 


£=9.0m 
£.= 3.0m 
fy = 150mm 
hye —hg 
tanga = —— tana = 0.05 


£ 


Table 6.2, homogeneous grade GL 28h 


Characteristic bending strength, 

I m.g.k 

Characteristic shear strength, fo 
Characteristic bearing strength, 

Sf c.90.g.k 


Mean modulus of elasticity 
parallel to the grain, Eo.¢. mean 


Characeristic modulus of elasticity 
parallel to the grain, Eo.05.¢ 


Mean shear modulus, Go, mean 


Characteristic shear modulus, 
Go.05.2 


Mean density of each beam (based 
on the ratio of Om/ Px obtained 
from BS EN 338:2003) 


. Partial safety factors 


fngk = 28 N/mm? 


Fvgk = 3.2 N/mm? 
Se.90.2.k = 3.0 N/mm? 


E.g.mean = 12.6 kN/mm2 
Eo.05.2 = 10.2 kN/mm? 
Go.g.mean = 0.78 kN/mm2 


F.05.g 
16 


Go.05.¢ = 


Pm = 1.2- 410 kg/m? Pm = 492 kg/m? 


Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B))) for the ULS 


Permanent actions, yg 


Variable actions, yg 


Yo= 1.5 


Table 2.2 (UKNA to BS EN 1990:2002, Table NA.A1.1) 


Factor for quasi-permanent value 
of variable action, 


Wr = 0.0 


Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for glulam at ULS, 
YM 


Go.05.2 = 0.64 kN/mm? 
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4. Actions 
Self-weight of the beam, Gx seitwe —aS A  Gksettwe = (D- he): 8+ Om 
safe approximation assume that it is me 
based on its greatest depth and is Crsaiyt = Ot EN 
uniform along the beam length 


Design action from the self-weight of Fasettwt = YG + Gksettwt 
the beam, Fy setrwt 
Fa settwt = 0.73 kN/m 


Characteristic permanent action on the Gp = 1.65kN/m 
beam, Gi.» 


Characteristic variable (imposed) Oxp = 2.25 kKN/m 
short-term action on the beam, Ox p 


Design action from permanent action, Fap = ¥o*Gxp +vo- Qkp + Vo ° Gkseltwt 
short-term action and self-weight for 

the critical load case at the ULS, Fup 

(Table 2.8, equation (c) using the Fay = 6.34 kKN/m 
unfavourable condition variable 

action) 


5. Modification factors 
Factor for short-duration loading and Kmod.short = 0.9 
service Class 1, Kmod.short 
(Table 2.4 (ECS, Table 3.1)) 


Adopt size factor based on maximum h = 750mm ky = 1 
depth = 750 mm, ky 
(Table 2.11 (EC5, 3.3)) 


Bearing factor, k..99 Koop = 1 
(equation (4.22) (ECS, 6.1.5,(7)) 


Deformation factor for service class 1, Kaep = 0.6 


Kaet 
(Table 2.10 (EC5, Table 3.2)) 


Load sharing factor, keys Ky, = 1.0 
(2.3.7 (ECS, 6.6)) 


6. Bending strength 
The design load case will be due to a combination of the self-weight of the beam plus 


the permanent and variable loading: 


t 
Position of the maximum bending x= i 
é 


stress from the 320 mm deep end under eee 
the design loading, x hs 
(Table 6.5) 


x = 2.69m 
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Section modulus about the y-y axis at position x, W, (Table 6.5) 


2 


2 he 6 3 
Wy=>-b- W, = 5.03 x 10° mm- 
hs 
Design loading on the beam, Fy.p Fay = 6.34kN/m 


Design bending stress, Om y.4 
(Table 6.5) 


Fap:x-(€— x) 


2-W, Om.y.a = 10.69 N/mm2 


Omy.d = 


Design bending strength, fn,¢. 
(equation (6.2)) 


Kmod.short : Keys . Snek 
YM 


fm.g.d = fnga = 20.16 N/mm? 


Design shear strength, fy,o,4 
(equation (6.4)) 


Kmod.short : Keys c Sivek 


fuga = fuga = 2.3 N/mm? 


YM 
Design compression strength, 
Se.90.g.d5 
Kmod short * ky a fo 90.g.k 
.s ys c.90.g. 
Se.90.g.4 = fe.90..4 = 2.16 N/mm? 


YM 


The strength reduction factor for a 
tapered beam with compressive 
stresses parallel to the tapered 
edge, kmja 

(equation (6.9); ECS, 

equation (6.40)) 


1 
knya = 05 Kne = 0.96 


2 27": 
1+ Gaar - tan x) + (48 - tan 2) 
LS fea fc.90.g.4 


Lateral stability of the beam — assume the beam is of uniform depth = hy (safe 
approximation), Kerit (4.5.1.2 (ECS, 6.3.3)) 


Effective length of beam, £e¢ gn ate log = 3m 
(Table 4.2 (EC5, Table 6.1)) 
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Critical bending stress, Om. ¢ crit 
(as an approximation use equation 
(4.9b); ECS, equation (6.31)) 


: b\ 785 
m +b” | Eoo5.¢° Go.os.g + | 1 — 0.63 - 5 
e 


Om.g.crit = 74.89 N/mm? 


Om.g.crit = 


(he) + ber 
? 5 Km * ti m.g.k 
Relative slenderness for bending, ArelLm = . | ——————— Arelm = 0.6 
Areim (equation (4.10); ECS, Om.g.crit 
equation (6.30)) 
Lateral stability factor, Kerit Ket = 1 


(Table 4.3 (EC5, equation (6.34)) 


Design bending strength taking 
strength reduction factor and lateral 
torsional buckling effect into 
account, fmr.y.a (equation (6.10)) 


Smr.y.d = Kerit - knw : Fin.g,d Smry.d = 19.42 N/mm2 


Bending strength of glulam beam greater than 
the bending stress and is satisfactory for this 
loading condition 
7. Shear strength 
The design load case will be due to a combination of self-weight of the beam plus the 
permanent and variable loading: 


Fay: & 
Design value for end shear force, Va Va = = Va = 28.51 kN 
- 3 Va 2 
Design shear stress, Ty.4 wd = a Goh Ty.q = 0.89 N/mm 
(equation (6.3)) = 
Design shear strength, fod, vga = 2.3 N/mm? 


Shear strength is satisfactory 
8. Bearing strength 
The design load case will be due to a combination of self-weight of the beam plus the 
permanent and variable loading: 


Design value for end reaction, Reacg Reacg = Vg Reacg = 28.51 kN 
. . Reacg . 
Design bearing stress, 0¢.90.4 O¢.90.d = ol 0¢.90.4 = 1.27 N/mm 
(equation (4.22)) ex 
Design bearing strength, f.90.¢.4 Fc.90.2.4 = 2.16 N/mm? 
Factored design bearing strength, k.o0° fc.90.2.4 = 2.16 N/mm? 
ke900 fo.90.4 
(equation (4.22)) 


Bearing strength is OK without need to use a 
higher value for K¢.99 
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9. Beam deflection 
At the serviceability limit states (SLS) the partial safety factor is 1. 


As the member is material having the same creep properties, the mean value of stiffness will 
be used to derive the instantaneous and the creep deflection of the beam. The greatest value 
of instantaneous deflection at the SLS will be associated with the largest value of bending 
moment and will be due to the characteristic combination of the self-weight of the beam plus 
the permanent and variable loading. 


Deflection due to bending and shear effects 
Instantaneous deflection due to loading on the beam Uinst: 


(a) Deflection due to bending under permanent loading Uinst,b,a1: 
Factor a a=— 


Function k2>5p 
(Table A6.1) 


iQ» = 19.2(— : Ride Dein bo | ein Gay 
= 19.2 | ——] -]3-(a -In{ ——]-Q-a - In(a) — —————- 
8 =i a Cea 
k2sy = 0.24 
G selfwi G . the 
Bending moment at mid-span, Masts Masts = (Greser a kp) 
5- Masts - @ 
Deflection, Winst,,d1 Uinst.b.dl = a“ =~ + (k25) 
(Table A6.1) APs dee 
oe (2 


Uinst.b.d| = 8.8mm 
(b) Deflection due to shear under the permanent loading Uingt,s. a1: 


Function k25. 
(Table A6.1) 


at+1 [‘ =| 
In 


bead: k25, = 0.65 


a i 4-a 


Deflection, Uinst,s.dl 
(Table A6.1) 
1.2- Masts - k255 


Uinst.s.d1 = [——— Uinst.s.dl = 0.46mm 
oa Go.g.mean i (b . hs) Toe 


(c) Deflection due to bending under the variable loading Uinst,b,9: 


Oxp 


Uinst.b.Q = a * Uinst.b.dl Uinst.b.g = 9.03 mm 
Gx seltwt ot Gxp 


(d) Deflection due to shear under the variable loading Uinst.s.g: 


Oxp 
Uinst.s.@ = T° Finst.s.dl Yinst.s.0 = 0.48 mm 
Gk selfwt + Gxp 
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Instantaneous deflection at mid-span of the 
beam, Uinst 


Uinst = Uinst,b,dl + Uinst,b, O + Uinst,s,dl + Uinst,s,Q 


£ 


Limitation on deflection at the Winst = aT 


instantaneous state — span/300, Winst 
Table 4.6 (EC5, Table 7.2) 


Final deflection due to permanent 
actions, Ufin.G 
(equation (4.41); ECS, equation (2.3)) 


Utin.G = (Uinst,b,d1 + Uinst,s,at) * (1 + Keer) 


Final deflection due to variable and 
quasi-permanent actions, Using 
(equation (4.42); ECS, equation (2.4)) 


Ufin.o = (Uinst,b, + Uinst,s,Q) : el + Wo . Kaet) 
Final deflection due to permanent and Unet.fin = Ufin.G + Ufin.o 
quasi-permanent actions, Unet.tin 


£ 


Adopt EC5 limitation on deflection — Wnet.fin = 750 


use span/250, Wnet.tin 
(Table 4.6 (EC5, Table 7.2)) 


Uinst = 18.77 mm 


Winst = 30mm 


ie. OK 


Ufin.g = 14.82 mm 


Ufn.g = 9.51 mm 


Unet.fin = 24.33 mm 


Whet.fin = 36mm 


ie. OK 


Example 6.7.4 A curved glulam beam with a constant cross-section, 175 mm wide, hav- 
ing a profile as shown in Figure E6.7.4, and with an effective span of 18.0 m is to be 
used in the construction of the roof for a school hall. The beam will be laterally supported 
along the full length of the compression edge and there will be no load sharing between 
glulam beams. It is strength class GL 32h in accordance with BE EN 1194:1999, made 
from 30-mm-thick laminations, and will function in service class 2 conditions. For the de- 
sign loading condition given below, which includes an allowance for the self-weight of the 
beam, ignoring SLS requirements, confirm that the beam will comply with the design rules 
in ECS. The design loading arises from a combination of permanent and short-term variable 


loading. 

1. Glulam beam geometric properties 
Breadth of each beam, b b=175mm 
Depth of the beam at the apex, /ap hap = 960mm 
Effective span of beam, £ £=18.0m 


Bearing length at each end of the beam, ¢, = 200mm 
by 


Design of Glued Laminated Members 243 


Design action = 6 kN/m 
eee eeee eee eee eee eee eee 


p= 


hay = 960 mm 


\ 


Bearing length ~- 


at each end t Yin = 18m q 
= 200 mm 
_ Effective span =18 m >| 
Fig. E6.7.4 


Angle of slope of the straight member B = 9.deg 
lengths of the beam, B 


Inner radius of the curved beam section, ri, = 18m 
Tin 


Thickness of laminations inthe beam,t ft = 30mm 


Section modulus of the beam about the Wy, = W, = 2.69 x 107 mm? 


y-y axis at the apex, W, 


2. Glulam properties 
Table 6.2, homogeneous grade GL 32h 


Characteristic bending strength, fmex fingk = 32 N/mm? 
Characteristic shear strength, fy. Kvek = 3.8 N/mm? 


Characteristic bearing strength, f..90.9.k fe.90.2.k = 3.3 N/mm? 


Characteristic compressive strength, Se0.¢k = 29 N/mm? 
Sc.0.g.k 
Characteristic tensile strength Si,90.2k = 9.5 N/mm? 


perpendicular to the grain, ft,90.9.k 


3. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B))) for the ULS 


Permanent actions, yg Ye = 1.35 
Variable actions, yg yo = 155 
Table 2.6 (UKNA to ECS, Table NA.3): 

Material factor for glulam at ULS, yyy ym = 1.25 
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4. Actions 
Design action on the beam, gq 


5. Modification factors 
Factor for short-duration loading and 
service Class 2, Kmod.short 
(Table 2.4 (ECS, Table 3.1)) 


Size factor based on maximum depth 
= 960 mm, ky 
(Table 2.11 (EC5, 3.3)) 


Bearing factor, k..99 
(equation (4.22) (ECS, 6.1.5,(/)) 


Lateral stability factor for beam, Kerit 
(4.5.1.2 (ECS, 6.3.3)) 


Factor applied to obtain bending stress 
in the apex zone, Keurve,b 


(equation (6.24); EC5, equation (6.43)) 


hap bea 
Keurve,b =1+4+0.35-{ —]+0.6- | — 
r r 


Factor applied to obtain the tensile 
stress perpendicular to the grain in the 
apex zone, Keurve,t 


(equation (6.25); EC5, equation (6.54)) 


Stressed volume in the apex zone, V 
(Table 6.6) (Mathcad adjusted to make 
it dimensionally correct) 
_ Brad 
~ 180.deg 


Approximate volume of the beam, V, 


“(hig + 2+ Tin Map) 


1 ( “) : 
~ — (rn + 2 ) - sin(B) 


ga = 6kKN/m 


kmod.short = 0.9 


h = 960 mm 
ky = 1 

ke90 = 1 
Kerit = 


r=P_ = 0.5 - hap 


Keurve.b = 1.02 


Keurve.t = 0.01 


hap 
Keurve.t = 0.25 | — 
r 


V = 0.98 m3 


Ratio V/V. 
Must be less than 0.67 
(equation (6.27) (ECS 6.4.3(6)) 


Stress distribution factor for the apex 
zone, Kgis 


(equation (6.27); ECS, equation (6.52)) 


Ve = 3.05 m3 


less than 0.67 therefore OK 


kais = 1.4 
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e = 
Volume factor for the apex zone, kyo} kyo. = | ————— Kyo. = 0.4 
(equation (6.27); EC5, equation (6.51)) Vv 

(Mathcad adjusted to make it 

dimensionally correct) 


Reduction factor due to the curvature oe = 600 As the ratio is 
of the laminations, k, i greater than 240, 
(equation (6.28) and (6.26); ECS, k,=1 

equation (6.49)) 

Load sharing factor, ky; ksys = 1.0 


. Bending and radial strength in apex zone 
As the beam is of constant cross-section, the critical condition will occur at the apex, 
under the action of the design loading: 


(a) Bending strength condition 


qa & 


Design bending moment, Ma Ma= Mg = 2.43 x 10° Nmm 


Design bending stress, Om,0,4 On.0.d = ————— Om.0d = 9.22 N/mm? 
(equation (6.23); EC5, equation (6.42)) 
Design bending strength, fino. 
kmod.short : Kgys : ky ‘ Img 

YM 
Design bending strength taking lateral finry.a = Kerit:kr* fn.ed fmry.d = 23.04 N/mm? 
torsional buckling and laminate effect 
into account, fim,r,y.d> 


fmn.g.d = fingd = 23.04 N/mm? 


Bending strength of the glulam beam in apex 
zone is satisfactory 

(b) Radial strength condition 

(6.4.2.2.2 (ECS. 6.4.3(6)) 


Keurve. -M 
Design radial tensile stress, 0;.90.4 0190.4 = oA a 01.90.4 = 0.12 N/mm? 
(equation (6.25); EC5, equation Wy 
(6.54)) 


Design tensile strength perpendicu- 
lar to the grain, fi.00.4 


Kmod.short . Kgys ft.90.8.k 
YM 


foo = fi90.a = 0.36 N/mm? 


Design tensile strength perpendicular ft1y.aq = Kais - kyo: ft.90.4 ftry.a = 0.2 N/mm? 

to the grain taking stress distribution 

and volume factors into account, 

fir, y.d 

(equation (6.27); EC5, equation 

(6.50)) 
Tensile strength of the glulam beam in apex 
zone is greater than the radial tensile stress 
and is satisfactory 
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7. Shear strength 
The design shear condition due to the design loading: 


Design value of the end shear Va = da + C0s(P) Va = 53.34 kN 
force perpendicular to the grain — ' 
ignoring the reduction permitted 
in EC5 — see 4.5.2.1, Vag 
i ; 3 Va 2 
Design shear stress, T,.q (adopting Ty4q = a bh Ty.q = 0.48 N/mm 
ap 


the full depth of the beam), 
Equation (6.3) 


Design shear strength, fy.o4 


Kmod.short 7 Keys : Svek 


i. ro 
& yM 


fuga = 2.74N/mm? 


Shear strength is satisfactory 


8. Bearing strength 
The design bearing condition due to the design loading: 


Design value of the end reaction, Reacg = Vg Reacg = 53.34 kN 
Reacg 

. : Reacg > 
Design bearing stress, 0¢.5.4 Oc.B.d = be 6.8.4 = 1.52N/mm 
(equation (4.22)) b 


Design bearing strength, f.90.¢.4 
Kmod.short : Keys 4 Sc.90.2.k 
YM 


Design compression strength 
parallel to the grain, fc0.9.4 


fc.90.g.4 = fe.90.¢.4 = 2.38 N/mm? 


kmod.short i Keys Sc.0.¢.k 
YM 
Design compression strength at an angle £ to the 


grain, fe.b.g.d 
(equation (5.15); ECS, equation (6.16)) 


fe0.2.d = fe0.2. = 20.88 N/mm2 


fe0.2.d 


- sin (90.deg — 6)” + cos (90.deg — B)” 


FeB.gd = Se.0.g.4 


ke90 * fc.90.¢.d 
fe-B.aa = 2-43 N/mm? 


The bearing stress is less than the bearing 
strength; therefore it is acceptable. 
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9. Combined shear and tension perpendicular to the grain 
As the shear stress at the apex will be zero for the design loading condition, the need to check 
the combined shear and tension condition given in equation (6.30) can be ignored. At any 
other positon along the beam the combined stress condition will always be less than 1. 


Chapter 7 


Design of Composite Timber and 
Wood-Based Sections 


7.1. INTRODUCTION 


248 


When designing a structure, the greatest efficiency will be achieved by using structural 
sections that have a high stiffness and can carry the greatest load for minimum self- 
weight. The most common types of sections that come into this category are thin 
webbed beams and thin flanged beams, often referred to as composite I and composite 
box beams, respectively. These are very efficient sections and the design rules in EC5 
[1] cover the two methods that are used for assembly, i.e.: 


(a) composite sections formed using glued joints, 
(b) composite sections formed using mechanical joints. 


The profiles of some of the composite sections that are widely used in timber structures 
are shown in Figure 7.1. Examples of their use in timber structures are shown in 
Figure 7.2. 

Glued composite sections are, as the name implies, assembled by gluing the elements 
of the section together to function as a single unit. With these sections, the design rules 
are formulated on the assumption that no slip will arise between the elements of the 
section at any of the joint positions and are addressed in ECS, Section 9. Mechanically 
jointed composite sections are assembled by securing the elements together using nails, 
screws or dowels etc., and with these sections slip will arise between the elements. The 
design rules in EC5, Annex B, take this into account. 

It is normal practice for composite sections to be assembled by gluing, and this 
chapter only covers the design requirements of sections formed this way. 

With these sections the webs and flanges are made from different materials; for 
example, the webs of composite I-beams are usually made from wood-based panel 
materials such as plywood, oriented strand board (OSB) or particleboard etc., and the 
flanges from structural timber, LVL or glued laminated timber. For glued composite 
sections, a high degree of quality control is required to ensure that sound jointing is 
achieved and for this reason they are normally factory produced. 

In these sections, all of the elements are designed to work very efficiently and because 
of this only materials with relatively few and minor defects are used. 

The general information in 4.3 is relevant to the content of this chapter. 
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(a) I-beams (b) Double I-beam (c) Box beam (d) Glued thin flanged beam 


Fig. 7.1. Examples of composite timber and wood-based sections. 


7.2 DESIGN CONSIDERATIONS 


Composite sections will function as flexural elements, discussed in Chapter 4, and must 
comply with the relevant design rules and requirements of EC5 for such elements. The 
limit states associated with the main design effects are the same as those given in 
Table 4.1 and where used in residential floors their vibration behaviour must comply 
with the requirements covered in 4.6.2. 

The primary difference between the design process used for composite sections and 
that used for solid sections is that small deflection bending theory has to be modified 
to take into account the fact that composite sections are made up of elements having 
different values of modulus of elasticity. This affects the design process for strength- 
related properties and is discussed in the chapter. 

As well as affecting strength, the variation in modulus of elasticity affects stiffness 
behaviour and this is also addressed. 

The general comments in 4.2 are also applicable to glued composite sections. 


7.3 DESIGN OF GLUED COMPOSITE SECTIONS 
7.3.1. Glued thin webbed beams 


Because these sections are designed to function as solid units, the strain is taken to 
vary linearly over their depth. However, as the value of the modulus of elasticity, EF, of 
each material in the section will normally be different, the theory of bending cannot be 
directly applied. To analyse these sections the equivalent section approach (sometimes 
referred to as the modular ratio approach) can be is adopted and has been incorporated 
into the design procedure used in this chapter. 

In this method, one of the materials in the composite section is selected and the 
others replaced by equivalent areas of the selected material such that when subjected 
to bending the force in the replaced materials at any distance from the neutral axis 
will be the same as that taken by the original materials at the same position. By this 
method, an equivalent homogeneous section is formed and the theory of bending can 
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V 


(a) I-beams floor joists (b) I-beams in sloped roofs (photo courtesy of 
APA, The Engineered Wood Association) 


(c) I-beams (photo courtesy of APA, The (d) Curved box beam (photo courtesy of Fred Bosveld 
Engineered Wood Association) and Peter Yttrup) 


__—_— 
(e) Large span box beam and I-joists using LVL (f) Large span box portal frames using LVL 
(photo courtesy of Engineered Wood products (photo courtesy of Engineered Wood products 
Association of Australia (EWPAA)) Association of Australia (EWPAA)) 


Fig. 7.2. Examples of uses of composite timber and wood-based sections. 


be applied. The bending stress in the material selected for the section will be found 
directly from the stress analysis. For the material that has been replaced, the stress 
is obtained by multiplying the bending stress in the equivalent homogeneous section 
by the ratio of the modulus of elasticity of the actual material used in the composite 
section to the modulus of elasticity of the selected material. This ratio is referred to as 
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7.311 


1 
Compression, 


| 


NA- — pa = 


1 


Tension 


mde 
: sap ee 


<— Fu >| 


(a) Box section (b) I-section (c) Bending 


Fig. 7.3. Thin webbed sections and ECS stresses. 


the modular ratio. In the calculation the mean value of modulus of elasticity of each 
material, Emean, Should be used. The approach also applies to axial stress conditions. 

Because the flange width to span ratio in these sections tends to be relatively small, 
the shear lag effect in the flanges can be ignored and the full flange width is used in 
the strength calculations. 

With these sections, because their lateral stiffness is low, when used in floor con- 
struction and subjected to vibrations above the fundamental frequency of the floor, 
adverse vibration effects will arise. To reduce this effect and also to provide support 
against lateral and torsional instability, blocking or strutting between the sections, as 
shown in Chapter 4, is commonly fitted at intervals along the member lengths. 


Strength analysis of glued thin webbed beams 

The strength analysis is undertaken at the ultimate limit states (ULS) and the elastic 
stress distribution in typical thin webbed sections when subjected to bending is shown 
in Figure 7.3. 

Due to the different creep behaviour of the materials in the composite section, the 
bending stresses within the section will vary with duration of load and moisture content 
and this effect has to be taken into account in the analysis. The stress distribution is 
determined at the instantaneous condition and for the condition arising from creep 
behaviour, as stated in 2.3.4.2(b), the requirement in ECS, 2.2.2(/)P, is that the analysis 
be undertaken using final mean values of stiffness adjusted to the load component 
causing the largest stress in relation to strength. 

In accordance with the requirements of EC5, 2.2.2(1)P, the value of the design 
stiffness property at these conditions will be as follows: 
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(a) At the instantaneous condition, 


Eq,uis — Emean, GauLs a Gmmean (7.1) 
(b) At the condition associated with the final mean value of stiffness, 
Ewe G 
Eqauis = = Gaus = ———— (7.2) 


(1+ Wokeer)’ 

where the functions are as follows: 

¢ Eauts is the design value of the modulus of elasticity at the ULS. 

® Gaus is the design value of the shear modulus at the ULS. 

© Eimean 18 the mean value of the modulus of elasticity of the element. 

© Giean 18 the mean value of the shear modulus of the element. 

© Kaep is the deformation factor for timber and wood-based products and, for 
connections, it will be as defined in 2.3.2. Values for kger for timber and some 
wood-related products are given in Table 2.10. 

© wf is the factor for the quasi-permanent value of the action (see Table 2.2) 
causing the largest stress in relation to the strength. If this is a permanent 
action, a value of | should be used. 


(1 + wWokder) 


Based on the section profiles shown in Figure 7.3, taking the flange material as the 
selected material for the equivalent section and assuming: 


(i) the same material is used in each flange and has a mean value modulus of 
elasticity Of Eyean,¢ With a deformation factor kgers, and 

(ii) a mean value of modulus of elasticity of Emean,w With a deformation factor Ker, w 
for the web, 


the equivalent cross-sectional area, Aer, and second moment of area, /-¢, of the trans- 
formed section will be as follows: 


(a) At the instantaneous condition: 


Emean,w 

Aetinst = Ar a ( ; ) Aw (7.3) 
mean,f 
Enean,w 

Tet,inst = [p+ Iy (7.4) 
mean,f 


(b) At the condition associated with the final mean value of stiffness: 
(i) where the permanent action produces the design condition: 


E mean w 1+ Kaet f 
Aet.fin = A : — ) Ay 75 
oo car ( oe (; a Kaet,w ( ) 
E'mean w 1+ Kaet. f 
Tetin = Tp + ; — |) ly 7.6 
on ' ( we) (, + wt ( ) 
(ii) where a variable action condition Q; produces the design condition: 
E'mean Ww 1+ ik le 
Aetin = Ar + ( ) ( vais it) Aw (7.7) 
Emean,f 1 oF W2,ikdet,w 


Enean,w 1+ ik ef, 
Les in = Te + ( ) ( ie i) hy (7.8) 
Enean,f 1 + W2,ikaet,w 
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Here the symbols are as previously defined and Ay is the total flange area, and for Figure 
7.3a Ag = (b — 2bw) (htc + het), and for Figure 7.3b Ap = (b — by) (Ate + het); 

Ay is the area of the web, and for Figure 7.3a Ay = 2by(hw + he + het), and for 
Figure 7.3b, Ay = by(hw + hee + het); 

W2,; 18 the wy factor for the quasi-variable value of the variable action Qj; 

I; is the second moment of area of both flanges about the neutral axis; 

Ty is the second moment of area of the untransformed web about the neutral axis. 


When subjected to the design bending moment, Mj, and the modulus of elasticity of the 
web is less than that of the flange, the bending stresses in the flange will increase and 
those in the web will decrease with time. For this condition, it will only be necessary 
to check the stresses in the flanges at the final mean value condition and those in the 
web at the instantaneous condition. If, however, the modulus of elasticity of the web is 
greater than that of the flange, the bending stresses should be checked at the instanta- 
neous condition in the flanges and at the final mean value condition in the web. When 
dealing with symmetrical sections, there will not be a significant difference between 
the respective values of the geometric properties at both conditions, and consequently 
the differences in stress will also be relatively small. 

In the following sections, the stress equations for the flanges and the web at both 
the instantaneous and the final mean value condition are given for sections subjected 
to moment and shear conditions, together with the design condition to be satisfied in 
ECS. 


7.3.1.1.1 Stresses in the flanges 

(a) Bending stresses. 

The maximum stress due to bending will arise at the extreme fibre locations at a 
distance of y; or yz from the neutral axis, as shown in Figure 7.3c. When the section 
is symmetrical about the y—y axis, yj = y2 and when it is not, y; and y, will have 
different values. Also, when the section is not symmetrical about the y—y axis, the 
position of the neutral axis will be different at the instantaneous and final mean value 
conditions and the respective values of y; and y» at these states will also differ. These 
are referred to in the text as y1 inst ANd y2,inst for the instantaneous state and y; 4, and 
y2,fin for the final mean value condition. 

The maximum design compressive stress due to bending will be at y,, and: 

at the instantaneous condition it will be: 


Ma 
Of, inst,c,max,d = Oc,1 = | 7—J1, inst (7.9a) 


ef, inst 


and at the final mean value condition it will be: 


Ma 
Of, fin,c,max,d = 9c,1 = ( v1.60) (7.9b) 
Tet. fin 


The maximum design tensile stress will be at y2, and 
at the instantaneous condition it will be: 


Mg 
Of, inst,t,max,d = Ot,1 = Y2, inst (7.10a) 


ef, inst 
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and at the final mean value condition it will be: 


Ma 

Of, fin,t,max,d = Ot,1 = | ~— J2, inst (7.10b) 
Tet. fin 

The design requirement in Section 9 of ECS is that the design stress in equations (7.9) 

and (7.10) be less than or equal to the design bending strength, fn.a, ie.: 


Of, inst,c,max,d> Of,fin,c,max,d and Of, inst,t,max,d> Of, fin,t,max,d < Sma (7.11) 


where the functions are as described above and fina = & moa + Kn - Ksys > fm,k/YM> Where 
Kmod iS the modification factor for load duration and service classes as given in 
Table 2.4, k,y, is the system strength factor discussed in Chapter 2, ky is the modi- 
fication factor for member size effect, referred to in Table 2.5 and discussed in 2.3.6. 
The effect applies to solid timber (as well as glulam and LVL, when bent flatwise). 
Jm.xis the characteristic bending strength of the flange material. Strength information 
for timber and LVL is given in Chapter 1 and for glulam in Chapter 6. jy is the partial 
coefficient for material properties, given in Table 2.6, noting that the value will be 
dependent on the material being used. 


(b) Compression stresses. 

Although a full analysis into the lateral torsional instability behaviour of a glued thin 
webbed section can be undertaken, in EC5 it is conservatively assumed that lateral 
stability of the section is provided solely by the buckling strength of the compression 
flange. The design requirement is that the compression stress in the flange must be 
shown to be less than or equal to the compression strength. The compression stress is 
taken to be the average value of the compressive stress in the flange due to bending 


and for this requirement: 
at the instantaneous condition it will be: 


ae ue (7.12a) 
OF, inst,c,d = 9c,2 = inst -~ “a Za 
ss fs Teginst ae 2 
and at the final mean value condition it will be 
Ma hg 
Of,fin,c,d = Oc,2 = V1, fin (7.12b) 
Teg. fin 2 


The ECS design requirement is that the design stress be less than or equal to the modified 
design compressive strength, i.e. k, fc.o,a, aS follows: 


Ofinstc,d ANd Offingc,d < Ke fe,0,4 (7.13) 


and 
K mod : Keys : Se,0,k 
YM 

where fc.0,q is the design compressive strength of the flange material and f,.o, is the 
characteristic compressive strength of the flange material parallel to the grain. Strength 
information for timber and LVL is given in Chapter | and for glulam in Chapter 6. 
k, is a factor that takes into account lateral instability, and is derived assuming that 
the compression flange behaves as a column between adjacent positions of lateral 
restraint. The section is conservatively equated to a solid rectangular section of depth, 
b, resulting in a radius of gyration about the z-z axis of the composite beam of b/./12. 
On this basis, the slenderness ratio of the section will be V12(E, /b), where £, is the 
length of the section between the adjacent positions of lateral support. Factor k, is then 
derived using the expressions in 5.4.1. Where full lateral restraint is provided by the 


fe0,4 = (7.14) 
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floor structure, i.e. k, = 1, it is essential that sufficient fixings be used and located to 
prevent any lateral movement of the beams. 

If a special investigation is made with respect to the lateral torsional instability of 
the beam as a whole, EC5, 9./.1(3), allows k, to be assumed to be unity. 


(c) Tensile stresses. 

The flange must also be checked to ensure that the mean design tensile stress in the 
tension flange will be less the design tension strength: 

at the instantaneous condition it will be: 


Ma he, 
Of. inst,t,d = O1,2 = Y2,inst — — (7.15a) 
Tee.inst 2 


and at the final mean value condition it will be: 
Ma hes 
Of fin,st,d = O12 = Y2, fin (7.15b) 
Teg.fin 2 
The EC5 design requirement is that the design stress be less than or equal to the design 
tensile strength, f,,0,4, i-e.: 


Orinstt.d aNd Offintd < fod (7.16) 


and 
K mod * Ksys . kn he tio. 


YM 


ftoa= (7.17) 


e where the functions are as described previously and the rest of the factors are as 
follows: 

° ft.o.a 1s the design compressive strength of the flange material parallel to the grain. 

° ft.o. is the characteristic tensile strength of the flange material parallel to the grain. 
Strength information for timber and LVL is given in Chapter | and for glulam in 
Chapter 6. 

e ky, is the size effect modification factor for members under tension. It is discussed 
in Chapter 2 and given in Table 2.11. The largest cross-sectional dimension of 
the member should be used to evaluate the factor. When dealing with LVL, it is 
defined as ky, and is associated with the length of the member. 


7.3.1.1.2 Bending, shear and buckling stresses in the web 
Although the primary function of the web is to support the shear stresses in the section, 
because it is subjected to compressive and tensile stresses due to bending it must also be 
able to withstand these stresses. With proprietary beams, the web material is normally 
bonded to form a continuous section, however where this is not possible web splice 
plates will be required to transfer the stress resultants at the junction positions. 
Further, the web must be checked to confirm that it will not buckle due to shear 
stresses and that the glued joints between the web and the flanges will be able to 
transfer the horizontal shear stresses in the section. If concentrated vertical loads have 
to be supported by the beam, web stiffeners may be required to prevent axial web 
buckling, but no design guidance is given in ECS for this condition. 


(a) Bending stresses. 
The maximum stresses due to bending in the web will arise at the extreme fibre locations 
at y, or y2 from the neutral axis as shown in Figure 7.3c. 

The maximum design bending stress in the web on the compression side of the 
section will be at y;: 
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at the instantaneous condition it will be: 


My Es 
Ow, inst,c,d = Oc,3 = ( rin) (z=) (7.18a) 


Ler, inst Emean, f 


and at the final mean value condition it will be: 


Ma Emeanw(l + Wokeer,£) 
Ow,fin,c,d = 9,3 = (ts) ( —_ - (7.18b) 
Leg fin Emean,f(1 7 Wokdet,w) 
The maximum design bending stress in the web on the tension side of the section will 
be at yo: 
at the instantaneous condition it will be: 
Mg y Dee 
Ow, inst,t,d = 94,3 = (+ yxin) ( naw) (7.19a) 
Ter. inst Emean,f 


and at the final mean value condition it will be: 
Ma Emean,w(1 oe Wokaer, ‘) 
Ow,fin,t,d = 01,3 = (200) ( : (7.19b) 
Tee,fin Exean, tC a0 Wokaet,w) 


As the web has been transformed to flange material in the equivalent section, to obtain 
any stress in that element the calculated stress must be multiplied by the appropriate 
modular ratio for the deformation state as shown in equations (7.18) and (7.19). 

The design requirement in Section 9 of ECS is that the design compressive bending 
stress from equation (7.18) must be less than or equal to the design compressive bending 
strength of the web material, fc,w,a, and the design tensile bending stress from equation 
(7.19) must be less than or equal to the design tensile bending strength of the web 
material, ft.w.d, Le. 


Ow, inst,c,d and Ow,fin,c,d < Toww.d (7.20) 
Ow, inst,t,d and Ow, fin,t,d < Suwa (7.21) 
where 
K mod 5 kg s 7 Te wik 
feu = (7.22) 
YM 
and 
K mod ks s° tiuwk 
ivwe= (7.23) 


YM 


Here the functions are as previously described and f.y,« and fi,w,k are the characteristic 
compressive bending and tensile bending strengths of the web material respectively. If 
such values are not given, ECS, 9./.1(5), allows the characteristic compression strength 
and the characteristic tensile strength of the material (f¢.o,x or fc,90,k, and fi,0,k OF fi,90,k 
as appropriate) to be used. Values for wood-based products are given in Chapter 1. 


(b) Web buckling (due to shear) and shear stress check. 

A full buckling analysis due to shear can be undertaken to check the buckling resistance 
of the web(s); however, as an alternative the criteria for buckling resistance given in 
9.1.1(7) of ECS can be used. The EC5 approach is conservative and simple to apply 
and the criterion to be met is: 


hy < 70by (ECS, equation (9.8)) (7.24) 
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Negc 
rN 
Y XN 
yy 
heo/ 2 
7K 
0.5hy+ 0.25(hee + her) Ayt (ge/2 + hes/2) 
h (minimum value (maximum value 
(heo/2 + hey/2) sd when hy = 70by) when hy = 35by) 
; ‘ b. 
Vv 
— x Vv 
i Vv 
hey/2 fx 
(a) Web depth taken for shear (b) Web depth varies for shear stress 
stress calculation when calculation when 35b,, < hy, < 70b,, 
hy < 35d, (assuming a uniform (assuming a uniform shear stress profile) 


shear stress profile) 


Fig. 7.4. ECS web strength criteria. 


Although the shear stress in the web will vary, when h,, < 35b,, assuming a uniform 

shear stress distribution, the depth of the web taken to be effective in resisting shear 

is (hy + O.5(het + A¢,c)), as Shown in Figure 7.4a. However, within the range 35by, < 

hy, < 70by the shear resistance is reduced due to buckling instability effects and, for 

an I (or box) section in this range, again assuming a uniform shear stress distribution, 

the depth of the web will be dependent on the value of /,, as shown in Figure 7.4b. 
The design requirements of ECS are: 


JS(h hg 

byliy (1+ 0.5(het + he) 
hy 

0.5(he1 + he) 
hy 


) fons for hy < 35by 

Fy wd S 
35h (1 + ) vo. for 35by < hy < 70by 

(ECS, equation (9.9)) = (7.25) 

K mod * Ksys + Sv,k 
YM 


fv.od = (7.26) 


where the symbols are as previously described and/or shown in Figure 7.3 and Fy y a 
is the design shear force acting on each web, f, 0,4 is the design panel shear strength 
of the web, f,., is the characteristic panel shear strength of the web, and values for 
different materials are given in Chapter 1. 


(c) Horizontal shear stresses in the glued joints between the web and the flanges. 
The horizontal shear stresses generated in the flange area are transferred between the 
web and the flanges through the glued interface connection. The glue in the connection 
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will be able to take these stresses and the limiting design condition will be the rolling 
shear strength of the web. This type of shear stress is referred to in 4.5.2.2. 
The design shear stress is as follows: 


At the instantaneous condition: 
Va Se inst 


Tinst,mean,d = > 7.27a 
= Tet,inst(nhe) ) 


At the final mean value condition: 
VaS¢.fin 


7.27Tb 
Tet,in(nhs) ( ) 


Tfin,mean,d = 


where: 


Tinst,mean,d, Tfin,mean,d iS the design horizontal shear stress at the instantaneous 
(and final) deformation condition at the glued interface between the flange and 
the web; 

V4 is the design shear force at the position of maximum shear; 

S¢ inst, S¢,fin 1S the first moment of area of the flange (excluding the web area) about 
the neutral axis at the instantaneous (and final) deformation conditions; 

hg is the height of the flange, ie. hg, or hg, as appropriate; 

e nis the number of glue line interfaces between the flange and the web. 


ECS takes into account the effect of stress concentrations at the web/flange interface 
in the vicinity of position 2 (see Figure 7.3(a) and (b)) when the height of the flange is 
greater than 4D¢¢ and the design strength requirements are: 


fv.90,d for he < 4ber 
Tinst,mean,d and Tfin,mean,d < Aber o8 
v.90.d {7 for hg > Aber 
f 


(ECS, equation (9.10)) (7.28) 
with 
K mod ; Ksys . Sik 
YM 


where the symbols are as previously described and/or shown in Figure 7.3; fy,90,4 is 
the design planar (rolling) shear strength of the web, f,, is the characteristic planar 
(rolling) shear strength of the web, and 


by for box beams 
b eL = b Ww 
— for I-beams 


2 


fv.90.d = (7.29) 


7.3.1.2 Displacement at the serviceability limit states (SLS) 
Because of the different time-dependent properties of the components in the section, 
the requirements of 2.3.4.1 must be taken into account. 
At the instantaneous condition the deformation analysis is undertaken using the 
design value of the combination of actions for the SLS, i.e. either equation (2.24) or 
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(2.25), depending on whether the characteristic or the frequent combination of actions 
will apply. As the creep behaviour of the member is not relevant at this condition, in 
accordance with the requirements of ECS, 2.2.3(2), the mean value of the appropriate 
modulus of elasticity,Emean, and shear modulus, Gmean, must be used to derive the 
stiffness properties. 

For the final deformation analysis the loading will be the same as that used for the 
instantaneous deformation and the creep effect on displacement behaviour is achieved 
by using the reduced stiffness properties given in equations (2.34) and (2.35), ie. 


Emean . 
E ait. = ECS, equation (2.7 2.34 
in = Ta) ( q (2.7)) (2.34) 
Gmean . 
Gran tinc=— = ECS, equation (2.8 2.35 
= Oy Ee (ECS, equation (2.8)) (2.35) 


where the functions are as follows: 


© Evnean,fin is the final mean value of the modulus of elasticity; 

Emean 18 the mean value of the modulus of elasticity; 

Gmean,fin 18 the final mean value of the shear modulus; 

Gmean 1S the mean value of the shear modulus; 

Kaet 1S the deformation factor for timber and wood-based products and, for con- 
nections, it will be as defined in Section 2.3.2. Values for kge¢ for timber and some 
wood-related products are given in Table 2.10. 


If the composite section is to be installed at or near its fibre saturation point, but 
functioning in an environment where it is likely to dry out under load, as required by 
ECS, 3.2(4), the value of kgep obtained from Table 2.10 must be increased by 1.0. 

When deriving the deflection due to bending, the second moment of area used in the 
deflection equation will be the value of the transformed section for the condition being 
considered, i.e. the value at the instantaneous or the final deformation. When deriving 
the shear deflection, the shear area will be the actual cross-sectional area of the webs 
and not the transformed area. 

Taking the flange material as the material selected for use in the equivalent section 
approach, on the above basis, the second moment of area to be used in a deformation 
calculation arising from flexure will be as follows: 


(a) The instantaneous condition: 


Enean,w 
Teg. inst = I; + (==) Iy (7.4) 
mean,f 
(b) The final deformation condition: 
Emean w 1 or Keer. f 
Teefin = L, ; —) Ty 7.6 
oe ch ( Emean,f ) (, + e4) ( ) 


For these structures, the deflection is calculated in the same way as explained in 
Chapter 4 for rectangular beams, ensuring that shear deformation is taken into 
account. There are several methods available for deriving the shear deformation of 
thin web beams and using the approximate method given in Roark’s Formulas for 
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Stress and Strain [2] in which the form factor for the beam is taken to be unity and all 
of the shear is considered to be carried solely by the web(s), the shear deflection at the 
instantaneous condition can be written as: 
Ma 
“= ————_ (7.30) 
Gy, mean Aw 

where u is the instantaneous shear deformation of the beam at mid-span, Mg is the 
design moment at mid-span, Gy mean iS the mean value of the shear modulus of the 
web material, andAy, is the cross-sectional area of the web(s) in the section (before 
transformation). 

In Table 7.1 equations are given for the deflection of simply supported and cantilever 
composite beams at the instantaneous and the final deformation conditions due to the 
effects of bending and shear. 

Based on the above, if at the SLS a simply supported thin webbed box beam of 
span ¢ is subjected to a design loading of gq (KN m), the mean value of the modulus of 
elasticity of each flange is E¢, the transformed second moment of area is Jeg. inst at the 
instantaneous condition and Je¢ gn at the final deformation condition, with two webs, 
having a total cross-sectional area Ay, and a mean shear modulus of G,,, where K¢eg.¢ 
and K¢ef,w are as defined in equation (7.2), the deflection at mid-span due to the SLS 
design load will be as follows: 


At the instantaneous condition: 


oe + 2 : (7.31) 
Uinst = . 
aS 384 Eiletinn | (8) \GwAw 
At the final deformation condition: 
504(1 + Kacg.£) CY’) (A+ Keetw) 
nS , : 7.32 
ee ( 384Eilain | \8 Gia, a2) 


where K¢er.¢ is the deformation factor for the flange material at the relevant service class, 
and K¢er,w is the deformation factor for the web material at the relevant service class. 


See Example 7.5.1. 


7.3.2 Glued thin flanged beams (stressed skin panels) 


When a stressed skin panel is subjected to out of plane bending it will function as 
a thin flanged beam. Stressed skin panels are structural elements in which the web is 
normally formed using timber sections aligned with the direction of span and the facing 
panels are formed from wood-based materials such as plywood, OSB or particleboard. 
The thickness of each flange is normally determined from the bending stress when 
functioning as a beam spanning across the panel webs. 

The panels may be on one or both sides of the beam. End blocking between the webs 
is commonly used to provide lateral torsional restraint at these positions, and where 
flange splices are required these can be achieved by finger or scarf jointing or by the 
use of splice plates supported by timber noggings fitted within the box structure. 

The connection between the flange and the webs can be glued or formed by me- 
chanical fasteners. If mechanical fasteners are used (e.g. nails, screws, etc.) there will 
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Table 7.1 Bending and shear deformation of a simply supported or a cantilever 
composite beam at the instantaneous and at the final condition 


Load case Bending deflection Shear deflection 
Uniformly distributed load 
(udl) of ga (kKN/m) run along the span: At mid-span: At mid span: 
5qal* 
Instantaneous condition ee a, 
384 E meant let. inst 8AywGw,mean 
Sqalt +k, CAt+k 
Final deformation condition Dqal (1 + Kact) qal (1 + Kact) 
384 E meant lef, fin 8Ay Gw,mean 
Point load Vg at mid span: At mid span: At mid span: 
oe Val? Val 
Instantaneous condition a —___—_—_— 
48 Exmean,f let.inst 4Ay Gy, mean 
VWaO(1 +k Val + k 
Final deformation condition Mal Ss Mat) Vall + Kaet) 
48 Emean,f Let. tin 4 Ay Gw,mean 
Point load Vg at the end of a cantilever: At the end of the At the end of the 
cantilever: cantilever: 
ae Val} Val 
Instantaneous condition oo ——— 
3 Emean,tlef,inst Aw Gmean,w 
VaO(1 +k Val + k 
Final deformation condition Val" + kact) Val + Keet) 
3 Emean,flef,fin Aw Ginean,w 


Note: (1) In the above expressions Ay is the cross-sectional area of the web(s) in the section (before 
transformation); 

(2) where a more accurate assessment of the shear deflection is required and the I or box section have 
flanges of the same thickness and the webs of the box section are both of the same thickness, the deflection 
expression given in Table 7.1 for the shear deformation should use the area of the section (i.e. the web and 
the flanges) rather than just the web area and should also be multiplied by the following form factor, F, 
given in Roark’s Formulas for Stress and Strain [2], 


3(D} — D?)D 2 
r-(14 2 1 -(= ') 4D; 


2D3 b 10r? 


where D, is the distance from the neutral axis to the nearest surface of the flange, D2 is the distance from 
the neutral axis to the extreme fibre, b is the transformed thickness of the web (or combined web thicknesses 
in box beams), Dy; is the width of the flange, and r is the radius of gyration of the section with respect to 
the neutral axis. 


be slip between the flange and the web, and the effect on the design must be taken into 
account. The more common practice is to use glue and in the following analysis the 
theory only applies to rigid joints formed by using glued connections, as covered in 
ECS, 9.1.2. 

As with glued thin webbed beams, glued thin flanged beams also use different 
materials to form the composite section and the equivalent section approach referred 
to in 7.3.1 is again used in the analyses. In the following sub-sections, the transformed 
section has been based on the use of the flange material and assumes both flanges have 
the same modulus of elasticity. 
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Fig. 7.5. 


7.3.21 
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Glued thin flanged beam. 
Effective flange width 


When the beam is subjected to bending, stresses are transferred between the web and 
the flange by shear stresses. Because of shear deformation, the stresses in each flange 
will reduce as the distance from the web increases and the departure from the uniform 
stress profile assumed to be generated when using simple bending theory is termed 
the ‘shear lag’ effect. To take this into account the concept of the ‘effective width’ 
of the flange is used. The effective width is that width of flange over which the stress is 
taken to be uniform and at the maximum stress value derived from bending theory such 
that the total force in the flange will equal that carried by the full width of the actual 
flange. 

The effective flange width concept applies to flanges in compression and in tension, 
and unless a more detailed calculation is carried out, in accordance with the require- 
ments of ECS, 9.1.2(3), the effective flange width, b.¢, as shown in Figure 7.5, will be 
as follows: 


¢ For internal I-shaped sections: 
bee = Deer +by or det = Dryer + dw (ECS, equations (9.12)) (7.33) 
e For U-beams (i.e. the end beams in Figure 7.5): 


ber = O.5Dee¢ + bw Or Dep = O.5Dte¢ + by (ECS, equations (9.13)) (7.34) 


Taking shear lag effects into account, the values of b.,¢¢ and ;,¢¢ must not exceed those 
given in Table 9.1 of EC5, reproduced in Table 7.2. 

The shear lag effect in structures has been investigated by several researchers and 
a comparison of the EC5 criteria with the theoretical solution developed by Mohler, 
Abdel-Sayed and Ehlbeck (referred to in STEP 1 [3]), applied to glued thin flange 
beams in which plywood is used for the flange material, is shown in Figure 7.6. For 
the majority of this type of beam, b;/£ will be within the range 0.2—0.3 and as can be 
seen from Figure 7.6, the effective flange approach will generally give a conservative 
result. 
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7.3.2.2 


7.3.2.3 


Table 7.2, Maximum values to be taken for effective flange widths due to the 


effects of shear lag and plate buckling* 


Material used for the flange Plate buckling* Shear lag? 
Oriented strand board (OSB) 25h¢ 0.15 £ 
Plywood: 
Outer plies parallel to the webs 20h¢ 0.12 
Outer plies perpendicular to the webs 25h¢ 0.12 
Particleboard or fibreboard8 30h, 0.2€¢ 


* Based on Table 9.1 in ECS. 

¥ he is the thickness of the flange being subjected to compression. 
££ is the span of the composite section. 

'8 With random fibre orientation. 


Plate buckling 

For the compression flange, in addition to complying with the shear lag criteria in 

Table 7.2, in order to prevent plate buckling from occurring, b,,e¢ must also comply 

with the maximum effective width criteria for plate buckling, also given in Table 7.2. 
Also, unless a full buckling analysis is undertaken, the clear flange width, be, should 

not be taken to be greater than twice the effective flange width derived from the plate 

buckling criteria in Table 7.2. 


Section properties 

The properties of these sections are determined in the same way as in 7.3.1 for thin 
webbed beams. Equations (7.3)—(7.8) will apply, but in this case the area of the flanges 
and the webs will be as follows: 


e Ar: the total flange area, Ap = hec(Deer + bw) + Aet(rer + Dw); 
e Ay: the area of the web, Ay = Dyhy. 


Here the symbols are as shown in Figure 7.5 for an internal I-beam and for an end 
beam. 


1 
‘ 
0.8 ‘ 
7 ‘ 
Ss ’ 
= 06 7 
rg ‘ 
| x 
“S 0.4 ar 
cS) se. 
0.2 ee 
0 
0 0.2 0.4 0.6 0.8 1 
be/t 


Fig. 7.6. Effective flange width when using plywood flanges (comparing the theoretical 
solution (solid line) with the EC5 criteria in Table 7.2 (dashed line)). 
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7.3.2.4 
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Fig. 7.7. Thin webbed section with a flange on the top and bottom face. 


When subjected to design conditions, the stresses in the sections are derived assum- 
ing that elastic theory applies and because of the creep effect, as with thin webbed 
beams, the stresses must be derived at both the instantaneous and the final mean value 
conditions. 


Stresses in flanges 
A typical glued thin flanged internal I-beam with flanges on the top and bottom faces 
and subjected to a moment is shown in Figure 7.7. 

As the flanges are thin, the stress in each flange due to bending is effectively an axial 
stress and the design value is taken to be the average value across the flange thickness. 
With proprietary beams, the flange material is normally bonded to form a continuous 
section using scarf or finger joints. Where this is not possible, flange splice plates will 
need to be designed to transfer the stress resultants at the junction position. 

The maximum compressive and tensile stress under a design moment Mg will arise 
at y; and yo, respectively, from the neutral axis as shown in Figure 7.7b. When the areas 
of the compression and tension flanges are not the same, y; and y, will have different 
values. Also, the position of the neutral axis will not be the same at the instantaneous 
and the final mean value conditions, consequently the respective values of y; and y2 
will be different for each condition. Following the approach used for glued thin webbed 
beams, these are referred to in the text as y; inst ANd y2,inst for the instantaneous state 
and yj fin and yo sn for the final mean value condition. 


(a) Stress in the compression flange. 
The mean design compressive stress in the compression flange will be as follows: 


e At the instantaneous condition: 


Ma 
Of. inst,c,max,d = (06,1) = Y1,inst (7.35) 


I ef, inst 
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e At the final mean value condition: 


Ma 
Of, fin,c,max,d = (06,1) _ (5 ra) (7.36) 
ef, fin 


The design requirement in ECS, 9./.2(7), is that the mean flange design compressive 
stress must be less than or equal to the design compressive strength, i.e.: 


Of, inst,c,max,d and Of, fin,max,d < ted (7.37) 
and 
K mod 5 Keys . Sek 
= 
YM 


where the functions are as previously described and f,, is the characteristic compres- 
sive strength (fo,0,x Or fc,90,k, aS appropriate) of the flange material. Strength infor- 
mation for timber and the commonly used wood-based structural products is given in 
Chapter 1. k,y, is the system factor and for this situation will be 1.0. 


(7.38) 


(b) Stress in the tension flange. 
The mean design tensile stress in the tension flange will be as follows: 


e At the instantaneous condition: 


Ma 
Of, inst,t,mean,d = (64,1) = Y2, inst (7.39) 
Leginst 
e At the final mean value condition: 
Ma 
Of, fin,t,mean,d = (04,1) = Y2, fin (7.40) 
Leg. fin 


The ECS design requirement is that the design stress be less than or equal to the design 
tensile strength, i.e.: 
Of,inst,t,mean,d ANd Of fin,t,mean,d < fia (7.41) 
and 
K mod * Ksys * Stk 
YM 


where the functions are as previously described and f,, is the characteristic tensile 
strength (fio,k or fi,90,k, aS appropriate) of the flange material. Strength information 
for timber and the commonly used wood-based structural products is given in Chapter 1. 


fre (7.42) 


Stresses in the web 

The design requirements for the web are that it must be able to support the flexural 
stresses that arise, that the shear stress in the web must be acceptable, and that the 
glued joints between the web and the flanges must be able to transfer the horizontal 
shear stresses at the interface. 


(a) Bending stresses. 
The maximum stresses due to bending will arise at the extreme fibre locations at a 
distance of (y; — 0.5h¢.,) or (2 — 0.5h¢,) from the neutral axis as shown in Figure 7.7b. 
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The maximum design stress on the compression side of the web will be: 


e At the instantaneous condition, 


Ma Emean,w 
Ow,inst,c,d = (G¢,2) = ( (V1 inst — 0.5h:)) (=) (7.43) 


Leg, inst mean,f 


e At the final mean value condition, 


M. Enean,w 1+ Kae : 
Ow, fin,c,d = (6¢,2) oa ( : (V1 fin —_ 0.5h:<)) ( ) ( We ce is) 


Tet. fin Emean,f 1 Uz Wok aet.w 
(7.44) 
The maximum design stress on the tension side of the web will be: 
e At the instantaneous condition, 
Ma Fives 
Ow inst,t.d = (61,2) = ( (¥2,inst 0.5h:0) (z=) (7.45) 
Let. inst Emean.f 


e At the final mean value condition, 
Ma Emean w 1 alg Wokdet f 
Manca = = sn — 0.5h : : 
Ow, fin,t,d = (01,2) (— (Y2,4 i) (p=) (; rae era 
(7.46) 


As the web has been transformed in the equivalent section, to obtain the stress in that 
element the calculated stress must be multiplied by the modular ratio for the appropriate 
condition. 

The design requirement in ECS, 9./.2(9), is that the design stresses obtained from 
equations (7.43) and (7.44) must be less than or equal to the design compressive bending 
strength of the web material, f¢.,4, and those from equations (7.45) and (7.46) must 
be less than or equal to the design tensile bending strength, f,,~.a. Where timber is used 


for the web, 
Ow,c,d = To,w.d (7.47a) 
Ow,t,d < uw (7.47b) 
and 
K mod + Ksys + Kn - m,k 
foww.a = ; i (7.48) 
YM 
and 
Siw.d = Se,w,d (7.49) 


where the functions are as previously described and fx is the characteristic bend- 
ing strength obtained from Table 1.3; k,,, is in accordance with the requirements of 
231 

Where timber is not used for the web, unless compressive and tensile bending 
strengths are given for the material being used, the in-plane compressive and tensile 
strengths of the material should be used. 


(b) Web shear stress check. 
Although there is no stated requirement in ECS to carry out a shear stress check 
across the section, the greatest shear stress will arise in the web and the shear strength 
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of this member should be checked. The maximum shear stress will arise at the NA 
position and the value at this position,t,.q, is determined as follows: 


e At the instantaneous condition, 


Va Sei 
Tv,insyd = ee (7.50) 
Tet.instDw 
e At the final mean value condition, 
VaS¢.finNA 
Ty find = — (7.51) 
Tet finDw 


where the functions are as previously defined, and Vg is the design shear force at the 
position of maximum shear, S¢inst,va, and S¢fin,na are the first moments of the area of 
the section above the NA about the neutral axis at the instantaneous and at the final 
mean value conditions, respectively, and by, is the thickness of the web. 

The design requirement for the shear strength will be 


Ty, inst,d and Ty, fin,d < iva (7.52) 


where fq is the design shear strength of the web material. 


(c) Horizontal shear stresses in the glued joints between the web and the flanges. 

The shear stress in the web is transferred to the flanges in the composite section through 
the glued interface connection at positions 1-2 shown in Figure 7.7. The glue in the 
connection will be able to take the stress and the limiting design condition for a flange 
comprising wood-based panels will be the rolling shear strength of the flange. The shear 
stress along the interface is assumed to be uniform and will be derived as follows: 


e At the instantaneous condition: 


Va Se. inst 
Ty inst.d = ——— 7.53 
pts Tet, instDw ( ) 
e At the final mean value condition: 
VaS¢ fin 
Ty. fn.d = = 7.54 
ree Tet. finDw ( ) 


where the functions are as previously defined and: 
Vq is the design shear force at the position of maximum shear, and S¢ inst and S¢ fin are 
the first moments of the area of a flange about the neutral axis at the instantaneous and 
the final mean value conditions, respectively. For each condition there will be a value 
for the compression and for the tension flange, and the larger of the values should be 
used. 

For an internal I-shaped section the design requirements of EC5 are given in ECS, 
9.1.2(6), which are 


Fv,90,4 for by < 8h 
Tmean,d < 


0.8 (ECS, equation (9.14)) (7.55) 
fv,90,4 (#) for by > 
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7.3.2.6 


and 

K mod iy Keys : Sek 
YM 

where the symbols are as previously described and h¢ is the flange thickness associated 

with the first moment of area used to derive the horizontal shear stress. 

For sections where b,, < 8h¢ the effect of stress concentrations at the glued junction 
between the flange and the web can be ignored. When by > 8h, however, stress 
concentration effects have to be included for and this is achieved by the power function 
(8h;/by)?*. 

For a U-shaped end beam section, the same expressions will apply but with 8h, 
substituted by 4h,. 


Iv,90,4 = (7.56) 


Deflection at the SLS 

For these structures the deflection is calculated as described for glued thin web beams 
in 7.3.1.2, and the web depth for shear deflection calculations should be based on the 
depth of the web in the thin flanged beam, hy. 


See Examples 7.5.2 and 7.5.3. 
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7.5 EXAMPLES 


As stated in 4.3, in order to verify the ultimate and serviceability limit states, each 
design effect has to be checked and for each effect the largest value caused by the 
relevant combination of actions must be used. 

However, to ensure attention is primarily focussed on the ECS5 design rules for the 
timber or wood product being used, only the design load case producing the largest 
design effect has generally been given or evaluated in the following examples. 


Example 7.5.1 The floor in a domestic building comprises glued thin-webbed beams spaced at 
450 mm centres with an effective span of 4.0 m. The beams are supported laterally along their 
full length, and solid timber blocking is also fitted at the ends to ensure lateral torsional rigidity. 
Allowing for the self-weight of the structure the beams support a characteristic permanent 
loading of 0.9 kN/m? and a characteristic variable medium-term loading of 2.0 kN/m2. The 
timber used for the flanges is service class C18 in accordance with BS EN 338:2003 and the 
web is 12.5 mm thick 5 ply Canadian softwood plywood, with the face ply aligned perpendicular 
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to the direction of span. The web is continuously bonded and no splice plates are required. The 
cross-section of the beam is shown in Figure E7.5.1. The structure functions in service class 2 
conditions. 

Excluding the requirement to check vibration behaviour of the floor, show that the beams will 
comply with the rules in ECS. 


All dimensions are in mm 


Fig. E7.5.1. 
1. Geometric properties 
Effective span of beam, L, L.=4.0m 
Beam depth, H H = 250mm 
Beam spacing, B, B, = 0.45m 
Flanges: 
Width of timber flange element, be bp = 45mm 
Height of timber flange element, h¢ hp = 50mm 
Web: 


Thickness of the plywood web, by, by = 12.5mm 
Clear height between the flanges,hy hy 


Area of the web, Ay Ay =by,-H Ay = 3.13 x 1073 mm” 
For the I-beam, beg 5 
(equation (7.29) (ECS 9.7.1(8))) be = a ber = 6.25 mm 


2. Material properties 
Table 1.3, timber — strength class C18 (BS EN 338:2003, Table 1) 


Characteristic bending strength, fink tmx = 18 N/mm? 


Characteristic compression strength took = 18 N/mm? 
parallel to the grain, fo.ox 


Characteristic tensile strength parallel fox = 11 N/mm? 
to the grain, fio. 


Mean modulus of elasticity parallel to Eo.mean = 9.0 kN/mm2 
the grain, Eo, mean 


Table 1.13, 12.5 mm thick 5 ply 
Canadian softwood plywood 
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Characteristic compression strength, fp.coox = 9.7 N/mm? 
p.c.90.k 

Characteristic tensile strength, Spt90.k = 7.4 N/mm? 
fp1.90.k 

Characteristic panel shear strength, fpvx = 3.5 N/mm? 

Spvk 

Characteristic rolling shear strength, fpr = 0.64 N/mm? 

fprk 

Mean modulus of elasticity, F.c.90.mean = 3.96 kN/mm? 
EF y.c.90.mean 

Mean modulus of rigidity, Gy mean Gy mean = 0.430 kN/mm? 


In the following analysis, the transformed section is based on the use of the flange material 
throughout the section. 
Note: As the mean Evalue of the timber is greater than the mean E value of the plywood, we 


only need to check the bending stresses in the flange at the final condition and in the web at 
the instantaneous condition. 


3. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002, 
Table NA.A1.2(B))) for the ULS 
Permanent actions, yg YG = 1.35 
Variable actions, yg yg =15 


Table 2.2 (UKNA to BS EN 1990:2002, Table NA.A1.1 — Category A 


Factor for quasi-permanent value of yw. = 0.3 
variable action, 


Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for solid timber at the yy = 1.3 
ultimate limit states (ULS), yu 


Material factor for plywood web at Vom = 1.2 
the ULS, YpM 


4. Actions 
Characteristic permanent action on G, = 0.9 kN/m? 
the beam, Gx 


Characteristic variable (imposed) QO, = 2.00 kN/m? 
medium-term action on the beam, 


Ox 


(i) ULS 

Design load due to the critical load Fa =(¥e-Get+yo: Qk): Bs Fa =1.9kN/m 
combination, Fy 

(Table 2.8, equation (c) using the 

unfavourable condition variable action) 
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Design moment due to the critical load 
combination, Mq 


Design shear force due to the critical 
load combination, V4 

(ignoring the shear force reduction 
referred to in 4.5.2.1) 


(ii) Serviceability limit states (SLS) 
Design load due to permanent action at the 
SLS, Fsis.c 


Design load due to variable action at the 
SLS, Fsts.o 


. Modification factors 

Factor for permanent duration action and 
service Class 2, kmod.perm 

(Table 2.4 (EC5, Table 3.1)) 


Factor for medium-duration action and 
service class 2, Kmod,med 
(Table 2.4 (ECS, Table 3.1)) 


Load sharing factor, ky; 
(2.3.7 (ECS, 6.6)) 
(n.b. 1.1 can be used if required) 


Depth factor for solid timber — bending 
and axial tension — take the size as hr, ky 
(Table 2.11 (ECS, equation (3.1)) 

(the equation incorporates a dimensional 
correction factor for Mathcad) 


Deformation factor for timber and 
service Class 2, Kerf 
(Table 2.10 (ECS, Table 3.2)) 


Deformation factor for plywood and 
service Class 2, Kaer.w 
(Table 2.10 (ECS, Table 3.2)) 


Buckling resistance condition with beam 
laterally supported along its compression 
flange, k, = 1 

(equation (7.13) (EC5, 6.3.3)) 


Fy- L2 

Mi c= oo 
8 

L. 
Vier 
d d 5 


Fsis.g = Gy: Bs 


Fsis.o = Qk - Bs 


Kmod.perm = 0.6 


Kmod.med = 0.8 


keys = 1.0 


. ( 150mm 
ky, = min i 


£ 


ky = 1.25 


Keeps = 0.8 


Keaet.w = 1.0 


k,=1 


. Geometric properties — transformed sections 


(NB: Because the section is symmetrical about the y—y axis, the neutral axis will be at 


mid-depth.) 


Mg = 3.79 kN/m 


Va = 3.79kN 


Fsts.G = 0.41 kN/m 


Fsis.o = 0.9 kN/m 


ee 
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Instantaneous — transformed section properties: 


Transformed web thickness (into by tta = (. . 


a) 
wood), Dw sta 


E.mean 


Dy tfa =5.5mm 
Second moment of area of the flanges, 


Tee 
Rice 2-be-H?  2-be-(H —2-h;)3 
cor 45 12 
bw.ta- H? 
Second moment of area of the web, Jepw Jet w = == 


Instantaneous second moment of area Jeg = Jeg.¢ + Lepw 
of the transformed section, Jz, 
(equation (7.4)) ep = 9.9 x 107 mm* 


Final — transformed section properties: 
Transformed web thickness: 


The largest stress to strength ratio will be the larger of the permanent action/kmod.perm and 
the combined permanent and variable action/Kmod.med- 


Let the ratio of one to the other be r: 


-G Kimo me 
pate. = r = 0.38 
Kmod.perm Yo° Ox + ¥G° Gy 
i.e. because the factor is less than 1, the variable loading produces the higher stress/strength 
ratio, so the factor wW2 will be associated with variable loading. 


Value of the quasi-permanent factor for ww, = 0.3 
the variable action, w2 (Table 2.2) 


ere 1+ Yo Keer 
b = (o ) ‘eau. . b = 5.25 mm 
c.w.tfd Ww Eosea 1 i. W , ene c.w.tfd 
Dow.tfd . H? 
Second moment of area of the web, Jeepw leepw = =a 


Second moment of area of the transformed [of = Teg.¢ + Teet.w 
section for the final condition, J¢ ef 
(equation (7.8)) Tcep = 9.87 x 107 mm* 


7. Bending stress check in the flanges and the web 
Because the mean modulus of elasticity of the flange material is greater than that of the web, 
only check the stresses in the flanges at the final deformation condition and those in the web 
at the instantaneous condition. 


The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-term duration variable action: 


Stress in flange due to bending — final condition: 


Bending stress in the top and bottom 

flange, Of.c.max.d.c 

Ma H 
he 2 


2 
Of.c.max.d.c = Of.c.max.d.c = 4.8 N/mm 
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Bending strength of the flange, fina 
(Equation (7.11)) 


mod.med * Kp : Keys . Sm 
YM 


k 2 
find = fa = 13.8N/mm 


bending stress in flanges is OK 
Stress in the web due to bending — instantaneous condition: 


Bending stress in the web, oy.c.a 
(equation (7.18a)) 


M, H E ‘ 
eee (( periment) ) Owed = 2.11 N/mm? 
Leg 2, E.mean 


Bending strength of the web in 
compression, fo.w.d 
(equation (7.22)) 


Kmod.med . Keys ‘ Sp.c.90.k 


io6= fewa = 6.47 N/mm? 


YpM 


Bending strength of the web in 
tension, fi.w.d 
(equation (7.23)) 


kmod.med . Keys i fp1.90.k 


fiw = fiowa = 4.93 N/mm? 


YpM 
bending stress in web is OK 


Stress in the flange due to axial stress — final condition: 


Axial stress in the top and bottom 
flange, Of.c.d.c 
(equation (7.12b)) 


M. H h 
ee een cere Otedc = 3.84N/mm? 
Leet 2 2 


Axial strength in compression, fo.0.4 
(equation (7.14)) 
Kmod.med : Keys : Seok 
YM 
Axial strength taking lateral ke- fe.o.a = 1.08 N/mm? 


instability into account, k. + fo.o.d 
(equation (7.13)) 


feoa = feo. = 11.08 N/mm? 


Axial strength in tension, ft.0.4 
(equation (7.17)) 


mod.med ° Kn 7 Keys . fox 
YM 


k, 2 
Sod = io = 8.43 N/mm 


axial stress in flanges is OK 
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8. Buckling and shear stress check in the web 
Buckling condition for the web in ECS: 
(equation (7.24); ECS, ratio = ay ratio = 12 
equation (9.8)) by 
ratio is <70; therefore buckling OK 
Shear strength of the web: 


Panel shear strength of the web, 


vod 


fod = 
YpM 


Design shear force able to be taken by the web 
(equation (7.25); ECS, equation (9.9)) 


kmod.med r Keys : Sow 


fvod = 2.33 N/mm? 


0.5-(he +h 
byte [ 1 2 EE). if hy < 35- by 
i 0.5 (hy + hy) 
Fy wed = 5.83 x 10°N 
Design shear force in the web, Va Va = 3.79 x 10°N 


The design shear strength of the web is greater than 
the design shear force in the web; therefore OK 


Shear strength of the glued joint between the web and the flanges 
At the instantaneous condition: 
Design shear force, Va Va = 3.79 x 10° N 
: H he 4 3 
First moment of area of a flange S;=2-be-hpe-{ —-—-—] Sp=4.5 x 10-*m 
about the NA, S¢ 5 


Total length of the glue line in 2-he =0.1m 
the flange 


Shear stress in the glue line, iad ——— Tmean.d = 0.17 N/mm? 
Tmean.d (equation (7.27a)) 


At the final condition: 


Shear stress in the glue line, Tnand =< —— To.mean.d = 0.17 N/mm? 
Tc.mean.d 


(equation (7.27b)) 


Rolling shear strength of the web 
material, fy.1,90.4 
(equation (7.29)) 


Kmod.med ‘ Keys ‘ Sprk 


fvi904 = fv.1.90.4 = 0.43 N/mm? 


YpM 
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Equation (7.28) (ECS, equation (9.10)): 


Sv.1.90.4 if hp <4- bet 
fv.00.4 = Pe ise (- : a) ; fvs0.a = 0.25 N/mm? 
v.1.90.d ° 


Design rolling shear strength is greater than the 
mean shear stress in the web; therefore OK 


9. Deflection of the beam at the SLS 
Using the characteristic combination of loading at the SLS, with the partial safety factor 
equal to 1. 
At the instantaneous condition: 


The instantaneous deflection at mid-span at the SLS, winst.g, will be based on the deflection 
formulae in Table 7.1: 


5 (Fsis.¢ + Fsis.g)- Le Fsis.c + Fsis.o 2 1 
Yinst.G = : + - Le ————— 
384 Eo.mean . Le 8 Gw mean ; Ay 
Uinst.G = 6.82 mm 
Allowable instantaneous deflection Uinst.SLS.all = ain Uinst.SLS.all = 13.33 mm 
at mid-span at the SLS, vinst.sis.atl 
(adopt L./300) 


At the final deformation condition: 
The stiffness property must be based on the requirements of EC5, 2.3.2.2(1): 


=psconen | 1+ Kaet.t 


: blewtta = 4.95 mm 
1+ Kaet.w ee 


Dlow.tid = ( . 


Eo.mean 
Dl ow.tiad Z HP 


Second moment of area of the web, /leetw = 7) 


I Loet.w 


Transformed second moment of area J1oerp = Jeps + Ileerw 
of the section for the final 


deformation condition, J 1. Tce = 9.83 x 10’ mm4* 
5 (Fsis.c + Fsis.o)- L4 _ ( Fsis.c + Fsis.o y 1+ Keet.w 
Ufin = : - (1+ Keers) 4 »- Lo. > 
384 E.mean * Tot 8 Gy _mean . Aw 
Un = 12.73 mm 
L 
Allowable net final deflection at Ufn.SLS.all = —— Ufin.SLS.all = 16mm 


mid-span at the SLS, wfnsts.all ae 


(adopting L./250 from ECS 
Table 7.2) 
The allowable deflection exceeds 
the actual; therefore OK 
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Example 7.5.2 A stressed skin panel is used as a flat roof member spanning between two 
supports 4.5 m apart. The panel is 187 mm deep and its cross-section at an I-shaped beam 
position is shown in Figure E7.5.2. The clear distance between webs is 585 mm and the panel 
is glued between the flanges and the web. Including for the self-weight of the structure, the 
characteristic permanent loading per web is 0.35 kN/m and the characteristic variable short- 
duration loading is 1.10 kN/m. The timber used for the web is class C22 to BS EN 338:2003 
and the flanges are both OSB/3 to BS EN 300:1997, 16 mm and 11 mm thick on the top and 
bottom faces, respectively, with the faces aligned parallel to the direction of span. The structure 
functions in service class 2 conditions. 
Show that the section will comply with the rules in EC5 at the ULS. 


< 632 mm > 

i 0.55 ccf > i 0.5 beef | 0.5h¢¢ 16 

peepee gece Ne Sees ot yi 
lees aha atal eee ee =- ? 
yi 

oN _\ 160 

woe pee SS ss mer cua NA 

—— eee. __{_} y2 
eae LLILELL EL = a 

ne 0 Shyer | 0.5he, 11 

All dimensions are in mm 
Fig. E7.5.2. 


1. Panel geometric properties 
Effective span of the panel, Le 
Clear distance between webs, br 
Web: 

Width of the web, by 

Clear height between the 

flanges, hy 

Area of the web, Ay 
Flanges: 

Top flange thickness, ht; 

Bottom flange thickness, hb¢ 

Beam depth, h 


L.=4.5m 

bp = 585mm 

by = 47mm 

hy = 160mm 

Ay = by-h Aw = 7.52 x 1073 m? 
hte = 16.0mm 

hb; = 11.0mm 


h=hy + hte + hb¢ 


Effective flange width of an I-beam section of the panel 


(7.3.2.1 (ECS, 9.1.2)) 


h = 187 mm 
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In compression, D1. ef 
(Table 7.2 (ECS, Table 9.1)) 
bleep = min(0.15 - Le, 25 - hts) 


bleep = 400 mm 


i.e the value is based on plate buckling criteria 


Check on the buckling length of the 
compression flange — based on plate 
buckling criteria 

(7.3.2.2 (ECS, Clause 9.1.2(5))) 


be 
——— = 0.73 
2: D1 cet 


In tension, D1, ef 
(Table 7.2 (EC5, Table 9.1)) bliep = 0.15- Le 
Check on the clear flange width due to big 


the geometric constraint of the =1.15 Fails 
: : be 
section — ratio must not exceed 1: 
The design sizes of the flanges will be 
In compression, D¢ ef beet = bleet 
(Table 7.2 (EC5, Table 9.1)) 
In tension, J; ef Diet = De 


Effective flange width in compression, bet.c = Det + bw 


defc 


Effective flange width in tension, Der; 
(equation (7.33); EC5, equation (9.12)) 


bert = Diet =F by 


. Material strength properties 

Table 1.3, strength class C22 (BS EN 338:2003, Table 1) 
Characteristic bending strength, fn tmx = 22N /mm? 
Characteristic shear strength, fy.x vx = 2.4 N/mm? 
Mean modulus of elasticity parallel 
to the grain, Eo mean 


Table 1.17, OSB/3 to BS EN 300: 1997 
Characteristic compression strength, 
fosB.c.0.k 
Characteristic tensile strength, 
fosB.t.0.k 
Characteristic rolling shear strength, 
fosp.rk 
Mean modulus of elasticity, 
EosB.c.0.mean 


Eo.mean = 10.0 kKN/mm7? 


fosp.co.k = 15.4N/mm? 
fosp.t.o.k = 9.4N/mm? 


foss.rk = 1.0N/mm? 


the value is less 
than 1; therefore OK 


bleep = 675 mm 


D1 cet 
be 


= 0.68 OK 


bleep = 400 mm 


Diep = 585mm 
bec = 447mm 
bef, = 632 mm 


EosB.c.0.mean = 3.8 kN/mm? 


In the following analysis, the transformed section is based on the use of the flange material 


throughout the section. 


Note: As the mean E value of the timber is greater than the mean E value of the OSB, there 
will only be a need to check the stresses in the flange at the instantaneous condition and the 


web at the final condition. 
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3. Partial safety factors 

Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B))) for the ULS 
Permanent actions, yg Yq = 1.35 
Variable actions, yg yo =155 

Table 2.2 (UKNA to BS EN 1990:2002, Table NA.A1.1) 
Factor for quasi-permanent value wW2 = 0.0 
of variable action, yr 
(roof condition) 

Table 2.6 (UKNA to ECS, Table NA.3) 
Material factor for solid timber, yy ym = 1.3 
Material factor for OSB, yosp.m Yoss.M = 1.2 


4. Actions 
Characteristic permanent action on G, = 0.35 kN/m 
the structure, Gy 


Characteristic variable (imposed) QO, = 1.10kN/m 
short-term action on the structure, 


Ox 
ULS: 


Design load due to the critical load Fa =(¥e-Get+yo:Qk) Fa =2.12kN/m 
combination, F4 

(Table 2.8, equation (c) using the 

unfavourable condition variable 


action) 
' me Fg - ie 
Design moment due to the critical Ma= My =5.37kNm 
rls 8 
load combination, Mq 
L. 
Design shear force due to the critical Vy = Fy- co Va = 4.78 kN 


load combination, V4 


5. Modification factors 
Factor for permanent duration action = kmod.perm = (0.6 - 0.3)°5 Kmod.perm = 0.42 
and service class 2, Kmod.perm 
(Table 2.4 (EC5, Table 3.1)) 


Factor for short-duration action and Kmod.short = (0.9 - 0.7) Kmod.short = 0.79 
service Class 2, Kmod.short 
(Table 2.4 (EC5, Table 3.1)) 


Load sharing factor — ksy. Keys = 1.0 
(2.3.7 (ECS, 6.6)) (n.b.1.1 can be used 
if required) 


Depth factor for solid timber — take ky = 1 
as 1, as the depth is greater than 

150 mm, ky 

(Table 2.11 (EC5, equation (3.1))) 
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Deformation factor for timber = Kkgep w = 0.8 
at service class 2 conditions, 
Kaef.w 
(Table 2.10 (ECS, Table 3.2)) 
Deformation factor for OSB at = Kgerp¢ = 2.25 
service class 2 conditions, 
Reet t 
(Table 2.10 (ECS, Table 3.2)) 
. Geometric properties 
Instantaneous — transformed section properties: 
E mean 
Transformed web thickness bwtfa = @ . =) bwtfa = 123.68 mm 
(into OSB), bw ted OSB.c.0.mean, 
Area of flange in compression, Aerfc = Detc - hts Aeftc = 7.15 x 1073 m? 
Aef.f.c 
Area of flange intension, Aer: Acree = Dees - Abe Ae tt = 6.95 x 1073 m2 
Area of web, Aetw Aet.w = Dw sta . hy 
Transformed area, Ae Aet = Aerfe t Aetrt + Aetw Aer = 0.03 m? 
First moment of area of the section about the top face: 
hb; hy hts 
Aist = bets hbps | A — Te + Dwata hw + os + hte) + Dec + hts - oe 


Ajst = 3.22 x 1077 m3 


Ais 
Neutral axis depth from the v= a yt = 94.97 mm 
top face, ef 
Second moment of area of the web about the NA, J: 
ere a hw\1? 
Tet = TS + Acew |e — (ate + Tew = 4.22 x 1075 m4 
12 2 
Second moment of area of the 
top flange about the NA, Jeet: 
bepc- hte ht\ |? 
epee As Me es lepers = 5.42 x 107° m4 
12 2. 
Second moment of area of the 
bottom flange about the NA, 
Tett.vt 
bets - hb? hb; \* oe 
lep.tb.t = ae + Aeter (A -y- De Tep.tb¢ = 5.21 x 107° m 


Instantaneous second moment = ep = Tepw + Jerere + lectp¢  Lep = 1.49 x 10° mm+ 


of area the transformed 
section, ler 
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Final — transformed section properties: 


The largest stress to strength ratio will be the larger of the permanent action/kmod.perm and 
the combined permanent and variable action/kmoamea. Let the ratio of one to the other 
ber: 


-G Kmod.sho 
Se YG" Gk | d.short r=042 


kmod.perm em Gx + Yo % Ox 


i.e. the variable loading will produce the higher stress/strength ratio, so the factor yy will be 
associated with variable loading. 


The wy factor for this loading condition is Wo = 0 


Consequently, for this condition the instantaneous and final properties will be the same. We 
only need to analyse for the instantaneous condition. 


. Bending stress check in the flanges 


The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-term duration variable action: 


Stress in the flanges due to bending: 


Bending stress (compression) in 
the top flange of.¢. max.d 


Ma hte 2 
Of.c.max.d = has “TMT > Of.c.max.d = 3.14 N/mm 
ef 


Bending stress (tension) in the 
bottom flange, Oftmax.d 


Ma hb; 2 
Oft.max.d = -(h M Of.t.max.d = 3.13 N/mm 
Teg 2 
Axial strength of the top flange, 
fosB.c.0.d 
Kmod.shor © kg s ° JOSB.c.0.k 
fosB.c.o.d = east 1088 fosp.c.o.d = 10.19 N/mm? 


YOSB.M 
Axial strength of the bottom 
flange, foss.t.0.4 


Kmod.short 3 Keys 7 SosB.t.0.k foi ee 6.22 N/mm 


FosB.t.0.4 = 
YOSB.M 


Stresses in the top and bottom flanges are OK 
Bending and shear stress check in the web 


The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-term duration variable action: 


Design of Composite Timber and Wood-Based Sections 


281 


Maximum distance from the NA to 
the extreme fibre, y, 


yr = max[(y; — Artz), (A — hb — yx)] y1 = 81.03 mm 
Bending stress in the web, Ow.c.d.c 
M. E mean 
Owec.d.ic = am “YM: (=) Ow.c.d.c = 7.71 N/mm? 
Tet EosB.c.0.mean 


Bending strength of the web, fy.a 


kno .shor Ksys + ki * Jm. 
fa fu.a = 13.43 N/mm? 
YM 


Bending stress in the web is OK 
Shear strength of the web: 
Shear force in the beam, V4 Va = 4.78 x 10° N 


First moment of area of the 
section above the NA about the 


NA, Stfna 

Stina = Detc + htt - (» = =) + Dw sta + Cems Siena = 1.01 x 107? m3 
Shear stress at the NA position, 

Wad 

Wd = VOSA, | Dem Ty. = 0.69 N/mm? 


Ei . Dw ata EosB.c.0.mean 
Shear strength of the web material, 


iva 


Kmod.short . Keys . fv 
iva — 


fua = 1.47N/mm? 
YM 


Design shear strength is greater than 
the shear stress, therefore OK 


Shear strength of the glued joint between the web and the flanges: 


Shear force in beam, V4 
Va = 4.78 x 10°N 


First moment of area of top 
flange about the NA, S;+ 


hte 43 
Str = Detc + hte: (yi — > Sts = 6.22 x 107° m 


First moment of area of the 
bottom flange about NA, Sp¢ 


hb 
Spt = bert > Abe - (: -—y- +) Spr = 6.22 x 107-4 m3 
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Maximum value of first moment Sp = max(S,¢, Sp) Sp = 6.22 x 1074 m3 
of area about NA, S; 


Mean shear stress in the flange 
across the glue line, Tnean.d 


Va . St Eo.mean 


Tmean.d = 0.43 N/mm? 
Teg 3 Dy ta EosB.c.0.mean 


Tmean.d = 
Rolling shear strength of the flange 
material, f\.1.90.4 


Kmod.short . Keys : Sosp.rk f 1.90.4 = 0.66 N/mm? 


Kvi90a = 
YOSB.M 


Rolling shear criteria, f,.90.4 
(equation (7.56) (ECS, 9./.2(6)) 


fv.1.90.4 if by <8-hbs 


90.4 = 8 - hby\°* * 90.4 = 0.66 N/mm? 
Sv.90.4 Fibs ( : ') pl sos ioe! fv.90.4 /mm 


Design rolling shear strength is greater than the mean shear stress in the web across glue line; 
therefore OK. Also, there is clearly no requirement to check the rolling shear strength of the 
bottom flange/web connection. 


Example 7.5.3 The roof structure of an office building is formed by steel beams supporting 
thin flanged box beam panels as shown in Figure E7.5.3. Each panel comprises 4 No 47 mm 
thick by 120 mm deep timber webs at 400 mm centre to centre with plywood panels glued to the 
top and bottom faces and has an effective span of 4000 mm. The plywood is Canadian Douglas 
fir and is 15.5 mm thick on the top face and 12.5 mm thick on the bottom face and is aligned 
with the face grain parallel to the direction of span of the panel. To allow roof light structures 
to be fitted, areas of the plywood flanges between the central ribs in each panel are cut out and 
this occurs at three positions along the length of each panel as shown in Figure E7.5.3. Each 
box beam panel is 1272 mm wide and is detailed to fit against adjacent panels, being connected 
on site by nailing as shown in Figure E7.5.3. Each panel supports a characteristic permanent 
load, including self-weight, of 0.81 kN/m? and a characteristic variable medium-duration load 
of 0.75 kN/m?. The timber used for the panel ribs is strength class C24 in accordance with BS 
EN 338:2003, and the properties of the plywood are given below. 

The structure functions in service class 2 conditions and the cross-section of a box beam panel 
is shown in section A-A in Figure E7.5.3. 

Check that the panel will comply with the strength rules in ECS5 at the ULS and calculate the 
final deformation of a panel at the SLS when subjected to the combined permanent and variable 
loading. 


1. Panel geometric properties 
Effective span of the beam, Le, L.= 4.0m 
Distance between the beam centre bee = 400 mm 
lines, bo. 


Design of Composite Timber and Wood-Based Sections 283 
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Steel pac 
support Bracing is . 
beam member 
(a) Plan on a box beam panel 
Thin flanged box beam panels Open areas to allow roof lights to 
be fitted 


>| 
bee! 4000 mm — effective span of box beam panels Steel 
support support 
beam 
beam 
(b) Section A-A 
Top and bottom flanges nailed to the Open area to allow 15.5-mm-thick 
adjacent thin flanged box beam web in roof light to be fitted plywood flange 
the 25-mm zone glued to webs 25 


>| << 
15.5 
A Vv 


12.5-mm-thick 
plywood flange 
glued to webs 


47-mm-thick by 
120-mm-deep 
timber webs 


(c) Section B—B All dimensions are in mm 


Fig. E7.5.3. 
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Web: 
Width of the plywood web, by 
Clear height between the 
flanges, hy, 
Area of the web, Ay 
Clear distance between adjacent 
webs, br 


Flanges: 
Top flange thickness, ht, 
Bottom flange thickness, hbs 
Beam depth, h 
Minimum bearing length on the 
edge beam, b, 


Effective flange width of an I-beam 
section of the panel 
(7.3.2.1 (ECS 9.1.2)) 


In compression, D1. ef 
(Table 7.2 (ECS, Table 9.1)) 


Check on buckling length of 
compression flange — based on 
plate buckling length 

7.3.2.2 (ECS, 9.1.2(5)) 


Check maximum width allowance 
in compression, D¢.e¢ 
(Table 7.2 (EC5, Table 9.1)) 


In tension, D1, ef 
(Table 7.2 (ECS, Table 9.1)) 


Maximum allowable width, b, | 
Value to be used in tension, ); ef 


Effective flange width of a panel in 
compression, Der¢ 
(equation (7.33); 
(9.12)) 


ECS, 


Effective flange width of a panel in 
tension, Der 
(equation (7.33); 
(9.12)) 


Overall width of a panel, b 


ECS, 


equation 


equation 


by = 47mm 

hy = 120mm 

Aw = by - hy Ay = 5.64 x 1073 m? 
be = Doe — by b; = 353 mm 

hte = 15.5mm 

hby = 12.5mm 

h=hy + (hts + hb,) h= 148mm 

b, = by — 25mm b, = 22mm 


bleet = min(0.1 » Le, 20 « hts) 


bleep = 310mm 
i.e. the value is based on plate buckling criteria 


b 
0.57 


— the value is less than 
2: bloet 


unity; therefore OK 


Det — min(D1 cer, br) Def = 310mm 


bltet _ 0.1 7 Le Deer => 400 mm 
ba = de ba) = 353mm 
Diet = min(b ler, bai) Diet = 353 mm 


Detc =3- Dee +4- Dy = Deet 


bef.c = 808 mm 


bets =3. Det +4. by = b bert = 894mm 


b=3- Dec + bw b= 1.247 x 10? mm 
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2. Material strength properties 


Table 1.3, strength class C24 (BS EN 338:2003, Table 1) 


Characteristic bending strength, fink 
Characteristic shear strength, fy. 


Mean modulus of elasticity parallel 
to the grain, Eo. mean 


Mean shear modulus, Go mean 


Ink = 24 N/mm? 
fox = 2.5N/mm?* 
Eo.mean = 11.0 kN/mm2 


Go mean = 0.69 KN/mm7? 


Table 1.12, plywood — 12.5 mm Canadian Douglas fir (5 ply) 


Characteristic compression strength, 
Fl pcos 


Characteristic tensile strength, f1, 10% 


Characteristic rolling shear strength, 
Flprk 

Mean modulus of elasticity, 

E15 .c.0.mean 


Ff lpcox = 20.4N/mm? 


Flptok = 13.5 N/mm? 
Flank = 1.25 N/mm? 


E15 .c.0.mean = 7.81 kN/mm? 


Table 1.12, plywood — 15.5 mm Canadian Douglas fir (4 ply) 


Characteristic compression strength, 
f 2p.c.0.k 


Characteristic tensile strength, f2, 10% 
Characteristic rolling shear 

strength, f2, 14 
Mean modulus of elasticity, 


E2p.c.0.mean 


f 250.0% = 19.7 N/mm? 


f 210% = 13.1 N/mm? 
f25¢4 = 0.91 N/mm? 


E2p.c.0.mean = 7.55 kN/mm? 


In the following analysis, the transformed section is based on the use of the 


web material throughout the section. 


3. Partial safety factors 


Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B))) for the ULS 


Permanent actions, yg 

Variable actions, yg 

Table 2.6 (UKNA to ECS, Table NA.3) 
Material factor for solid timber, yy 
Material factor for plywood, ypu 


4. Actions 
Characteristic permanent action on the 
panel, Gx 
Characteristic variable (imposed) 
medium-term action on the panel, Ox 


yu = 1.3 
YpM = 1.2 


Gy = 0.81 kN/m? 


Ox, = 0.75 kN/m? 
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Design load due to the critical load 
combination, Fy 

(Table 2.8, equation (c) using the 
unfavourable condition) 


Design load due to permanent 
loading, FP, 


Design moment on the panel due to 
the critical load combination, Mq 


Design shear force on the panel 
due to the critical load 
combination, Vq 


Fa =(¥e-Ge+vo- QOk)-b 


Fa = 2.77kN/m 


FPa = (ve Gx) +b 


Fy+ L2 

My = ——£ 
8 

Le 

Va = Fa- — 
d d 5 


FPg = 1.36kN/m 


My =5.53kNm 


Va = 5.53 KN 


The critical design load case at the ULS will be due to the combination of permanent 
and unfavourable medium-duration variable action. 


Modification factors 

Factor for permanent duration 
action and service class 2, kmod.perm 
(Table 2.4 (ECS, Table 3.1)) 


Factor for medium-duration action 
and service class 2, Kmodmed 
(Table 2.4 (ECS, Table 3.1)) 


Load sharing factor — ksy. 
(2.3.7 (ECS, 6.6)) (1.1 can be used 
for web if required) 


Depth factor for solid timber in 
bending, kp 
(Table 2.11 (ECS, equation (3.1))) 


Deformation factor for timber at 
service class 2 conditions, Kger.w 
(Table 2.10 (ECS, Table 3.2)) 


Deformation factor for plywood at 
service class 2 conditions, Kder.¢ 
(Table 2.10 (ECS, Table 3.2)) 


The quasi-permanent factor for 
roof areas, v2 
(Table 2.2 (UKNA to ECO)) 


Geometric properties 


Kmod.perm = 0.6 


Kmod.med = 0.8 


keys = 1.0 


Kaet.w = 0.8 
Keer. = 1.0 
ds = 0.0 


Instantaneous — transformed section properties: 


Effective web thickness, 
b w.eff 


Dy eff =4. by 


Dy eff = 188mm 
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E 2p.c.0.mean 
Transformed top befctfa = | Defc * ——————_ ]__ Detc.tra = 554.08 mm 
flange width (into 


timber), Deg.c.tfa 


Eo.mean 


Area of top flange in Aettic = Detctta + hte Asie 86% 10>? ni? 
compression, Aers.c 
El 
Transformed bottom bef.t,tfd = (45 . “ectaes) bet.ttfd = 634.74 mm 
Eo. mean 


flange width (into 
timber), Deg.t,tea 


Area of bottom flange Acres = Det.tara > he Att: = 7.93 x 1073 m? 
in tension, Aer ft 
Area of the web, Agr w Acrw = Dwett * Aw Aetw = 2.26 x 10* mm? 


Area of the transformed Aet = Aetfe t Aerrt + Aepw Aer = 3.91 x 104mm? 
section, Aer 


First moment of area of the section about the top face A it 


hb hy, hts 
Aist = berttia : abe» { h — oa + by ett * hy ot + hte) + Detcrta > hte - 5 
Ast = 2.89 x 1073 m3 
Ais 

Neutral axis depth yu= a y, = 74.05 mm 
from the top face, y; st 
Second moment of 
area of the web, Jer. w 

Dw eft : he, hw : 54 
lay = 7 + Aetw: vt — htp + > Tep.w = 2.71 x 107° m 
Second moment of area of 
the top flange, Jerr. 

bere he ht; \7 
Tee Aas Yt — = Tep.ft¢ = 3.8 x 10-> m4 
12 2 
Second moment of area of 
panel, the bottom flange, 
Tot-£..f 
betta hb hb; \* a 
Lee.t.b.¢ = ——>—_ + Aertr > (2 — yt — Teepb4 = 3.65 x 107° m 
12 2 
Instantaneous second Ter = Tepw + Teceue + Tecene Ter = 1.02 x 108 mm* 


moment of area of the 
transformed panel section, 
Ei 
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Final — transformed section properties: 


The largest stress to strength ratio will be the larger of the permanent action/kmod.perm and 
the combined permanent and variable action/kmod.short- Let the ratio of one to the other be r: 


YG ° Gx Kmod.med 


: r = 0.66 
kmod.perm em Gx + Yo . Ox 


r= 


i.e. the variable loading will produce the higher stress/strength ratio, so the factor yz will be 
associated with variable loading. 


The psi factor for this loading condition is Yo, = 0 


Consequently, for this condition the instantaneous and final properties will be the same. We 
only need to analyse for the instantaneous condition. 


7. Bending stress check in the flange 
Stress in flange due to bending: 
Bending stress in the top flange, 


Of.c.max.d.c 


Ma hte FE2)¢.0.med 
Of.c.max.d.c = * (> ) * eel Of.c.max.d.c = 2.48 N/mm? 
Teg 2 Eo.mean 
Bending stress in the bottom flange, 
Of.t.max.d.c 
M. hb Elp.c.o. 
Oft.max.d.c = . (: M ') eee Of.t.max.d.c = 2.62 N/mm? 
Tee 2 Eo.mean 
Axial strength of the top flange, 
fo.c.0.d 
k Keys + f2 
cc Bee foood = 13.13 N/mm? 


YpM 
Axial strength of the bottom flange, 
f p.t.0.d 


Kmod,med : Keys “Fl doe 


fpt.0.d = foro. = 9 N/mm? 


YpM 
Stresses in the top and bottom 
flanges are OK 


8. Bending and shear stress check in the web 
Bending stress in the web: 


Maximum distance from the NA to 

the extreme fibre, y; 

yi = max[(y, — hts), (A — hbs — y,)] y, = 61.45 mm 
Ma 


Owed. * Ni Owed = 3.35 N/mm? 
ef 
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Bending strength of the web, f, 4 


Kmod.med % Keys : kp . Smk 
YM 


fwd 7 


Shear strength of the web: 


Shear force in the beam, Vy 


First moment of area of the section 


above the NA about the NA, Sina 
hte 


Stina = Defc.tta > Ate - (» — =) + bwiett : 


Shear stress at the NA position, 
Tv.d 


Shear strength of the web 
material, fia 


fu.a = 15.44N/mm? 


Bending stress in the web is OK 


Va = 5.53 x 10°N 


— ht;)? 
ee Stpna = 8.92 x 10° mm? 
Va: §, 
ta = Tyg = 0.26N/mm? 
Teg ; Dy ef. 
kmo med * ks s° Jv. 
f= pe fra = 1.54N/mm? 


YM 


Design shear strength is greater 
than shear stress; therefore OK 


Shear strength of the glued joint between the web and the flanges: 


Shear force in the panel, Vg 


First moment of area of the top 
flange about the NA, S;+¢ 


First moment of area of the bottom 
flange about the NA, Sp 


Shear width at beam/flange inter- 
face, beff.,, 


Mean shear stress in the top flange 
above the glue line, Tfmean.d 


Mean shear stress in the bottom 
flange below the glue line, Tmean.a 


Va = 5.53 x 10°N 


ht¢ 
St = Detcsta * hte - (ye — > 


Si = 5.70 x 10° mm? 


h hbe 
Mt 5) 


Sp = 5.37 x 10° mm? 


Sot = Derttta + ADs - 


beff, =3-by +), 


tt —s Va : St ; F2p.c.0.mean 
eae Leg . beff.,, Eo.mean 
Ttmean.d = 0.13 N/mm? 
tb -_ Va Ste . El] p.c.0.mean 
ea Leg . beff w Eo.mean 


tbmean.d = 0.13 N/mm? 
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Rolling shear strength of the top 
flange, f,.2.90.4 


kmo _me » Ksys ° 2 r. 
damed * Keys * 2p. fv.2.90.4 = 9-61 N/mm? 


fi.290.4 = 
YpM 
Rolling shear strength of the 
bottom flange, fy 1 99.4 
Kmod.med . Keys fd erik 


fv.1.90.4 — v.90 = 0.83 N/mm? 
YpM 


Rolling shear criteria f, 994 
(equation (7.56) (ECS, 9.1.2(6)) 


Fv.1.90.4 a if by <4-hbs : 
Flyoa= 4A-hbe\ SF \y.00.4 = 0.83 N/mm 
me lftsoe (SZ) if by > 4 bbe ae 
Fi.2.90.4 Be if by <4- hts ; 
2 — 4-htg\~ 2 = 0.61N, 
f2y.90.4 fras0a( . ‘) i ibgtscd Che F2y.90.4 /mm 
tmean. Dmean. 
Shear stress/strength ratios para 0.22 ee 0.15 
f2y 90.4 Fy .90.4 


Design rolling shear strength is greater than the mean shear stress 
in each flange; therefore OK. 


” 


Deflection due to permanent loading — at the final condition 
The psi factor for this loading Yo, = 1 

condition is 

(2.3.4.1, (ECS, 2.3.2.2)) 


Transformed section: 
Effective web thickness, be.w eff bewetf = 4° bw bew.etf = 188mm 


Transformed top flange width, 


Deefic.tfd 
El an Lt Woa-k, 
pec ag (ann = renee Ms ss) booted = 516.31 mm 
E.mean 1 + Wa ¥ Kaetf 
Area of flange in compression, Aceftc = Deetetta hte  Aceftc = 8.0 x 1077 m? 
Acef.fc 


Transformed bottom flange 
width, De ef.t.tta 


beefttta = 525.25mm 


E25 .c.0.mean 1+ Wra . Raet.w 
Deetittd = | Det: ; 


Eo.mean 1+ Wra : Kaet.t 


Area of flange in tension, Acerft  Acettt = Deettsta: Abe Acer = 6.9 x 107-3 m? 
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Area of web, Ac.ef.w Acet.w = Do.w.eff : hy 


Transformed area, Acef Acef = Acefifc + Acef.ft + Acefw Acef = 3.75 x 104 mm? 


First moment of area of the transformed section about the top face, Ac.ist 


hbe hy 
Acst = De.ef.t.tfd ‘ hb -(h— oe + Dew.eff : hy 2 = ht; + De.ef.c.tfd 7 ht; oe 


Acg.st 


Neutral axis depth from the top) = y.4 = A 
c.ef 


face, Vet 


Second moment of area of the 
web, I c.ef.w 


12 


be w.eff * he hy 2 
To.ef.w = ae ee + Acef.w . E _ (i + *)| 


Second moment of area of the 
top flange, Jcerttt 


Dee f.c.tfd * ht hts 
Leet. ft —_ es + Aceff.c | Yet — 7 


Second moment of area of the 
bottom flange, [o.ct.tb4 


3 
Deet.tsta « HD; 


Toet-f.b.f = DD 


Instantaneous second moment of 
area of the transformed section, 
Toet 


To.et = To.ef.w + Toet-f.tt + To.ef-f.b.f 


Final deflection of the section 
(Table 7.1), dfn 


1+ Kaet.w 


5 
din = = - ((G -bILe. 
. 84 i ne) cs Eo.mean * Lc.ef 


3 


Limiting value for deflection at the net final condition — adopt span/250 (UKNA to EC5, 


Table NA.4), Wnet,fin 


250 


Whet,fin = 


+ Ac.ef.ft : (: —Veti— = 


Whet,fin = 16mm 


1 
+ 3 (Gk + Ox) - BILE: 


hts 
2 


Ac.ist = 2.74 x 1073 m3 


Yet = 73.23 mm 


Teef.w = 2.72 x 1075 m4 


Toot ttf = 3-35 X 10~> m4 


Toeftp¢ = 3.25 x 107> m* 


To ef = 9.4162 x 10? mm* 


1+ Kaef.w 


Deflection is OK 


Go.mean ‘ Acet.w 
Ofn = 11.72 mm 


Note: If the timber stiffeners shown in Fig. E7.5.3a are not fitted, it can be argued that 
load sharing will not occur and the panel should be analysed assuming it will function 


as a series of U-beams. 


Chapter 8 
Design of Built-Up Columns 


8.1 INTRODUCTION 


Columns can be formed using single sawn members or glued laminated sections or 
may be built up to form profiles that are structurally more efficient for the type of 
loading to be supported and/or are required to fit particular situations. The ECS [1] 
design requirements for single member columns are discussed in Chapters 5 and 6 for 
solid and glued laminated sections respectively and the procedures used for built-up 
columns are addressed in this chapter. 

Built-up columns are columns composed of two or more timber or wood product 
sections connected by adhesives or by mechanical fasteners (e.g. nails, screws, dowels, 
punched metal plates, etc.), enabling the combined section to function as a composite 
element. Such columns can provide higher strength than the sum of the strength of the 
sections acting alone. When adhesives are used, there will be no slip at the joints and 
the built-up column will be assumed to behave as a fully composite section however, 
with mechanical fasteners there will be some joint slip resulting in a reduction in the 
load-carrying capacity. Built-up columns can be constructed in a great variety of cross- 
sections, examples of which are shown in Figures 8.1 and 8.2, and are formed to meet 
special needs, to provide larger cross-sections than are ordinarily available, or purely 
for architectural applications. 

The design procedure for built-up columns is given in Annex C of ECS and the 
application of the design rules to composite sections as well as to spaced and lattice 
type columns are addressed in this chapter. The procedure covers built-up columns 
formed by gluing or by mechanical fixings. 

The general information in 4.3 is relevant to the content of this chapter. 


8.2 DESIGN CONSIDERATIONS 
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Axially loaded built-up columns have to comply with the relevant design rules and 
requirements of ECS and the limit states associated with the main design effects for 
these sections when loaded axially are the same as those given in Table 5.1 for axially 
loaded columns. 

The equilibrium states and strength conditions relate to failure situations and must 
meet ultimate limit state requirements. The displacement condition relates to normal 
usage situations, however as for solid section columns, no guidance is given in EC5 
regarding limiting criteria for this state. Where lateral instability of a member can 
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LLU 


Fig. 8.1. Examples of built-up column sections. 


occur, a limitation is set for the maximum deviation from straightness allowed and this 
is given in ECS, Section 10. 

Whether a built-up column is formed by gluing or by mechanical fixings, in EC5 
the design procedure is only applicable to members that are subjected to axial load- 
ing acting through the centre of gravity of the built-up section and to cases where 
there are only small moments (e.g. due to self-weight) in addition to the axial load- 
ing. Only built-up columns complying with these conditions are covered in this 
chapter. 

The general comments in 5.2 are also applicable to built-up columns. 


8.3. GENERAL 


In addition to the constraint on the type of loading that can be taken by these columns, 
the design rules in ECS only apply to members in which the elements of the column are 
made from full length parts (i.e. there are no joints along the length of the members) 
and the built-up column is pin jointed and effectively held laterally in position at each 
end. 


(a) Glued spaced columns with glulam sections (b) Bolted spaced columns with solid sections 


Fig. 8.2. Typical built-up (spaced) columns. 
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8.4 BENDING STIFFNESS OF BUILT-UP COLUMNS 


In Chapter 5 it is shown that when dealing with solid section columns, for normal 
design situations the design strength will generally be determined by the buckling 
strength of the member. This is also the case for columns made from built-up sections. 
With built-up sections, however, the determination of the buckling strength is a more 
involved exercise, because of the following reasons: 


e Materials having different properties can be combined. 

e There will be slip within the section when mechanical fasteners are used. 

e There is the added risk of local instability effects with certain sections, e.g. 
T- or certain I-sections. 


If the interfaces of the members in a built-up column are connected by mechanical 
fasteners, when subjected to flexure there will be slip between adjacent elements leading 
to a discontinuity in strain at these positions and the curvature of the individual elements 
will differ. In these situations, conventional bending theory cannot be used to determine 
the bending stiffness of the section and to analyse this condition the effect of the slip 
has to be taken into account. 

This can be achieved by fully modelling the behaviour of each fastener in the con- 
nection and analysing the built-up section using a finite element analysis approach. An 
alternative, slightly less accurate, method, but suitable for normal design purposes, is 
to apply conventional bending theory to each element in the built-up column, assume 
compatibility in the curvature and displacement of adjacent column elements at each 
interface, and simulate the slip effect at these interfaces by assuming that the fastener 
resistance in these zones can be represented by linear spring elements. 

From this type of analysis a reasonable estimate of the bending stiffness of the 
composite section will be obtained. When the stiffness of the springs is set equal to 
infinity, the bending stiffness of a built-up section having glued interfaces will be 
obtained, and if it is zero, the bending stiffness will equate to a section in which the 
members are not connected. 

An example of the modelling applied to a built-up T-section connected by fasteners 
is shown in Figure 8.3. For a displacement of the section in the z—z direction, as shown 
in Figure 8.3a, the resistance offered by the fasteners will equate to the fastener stiffness 
multiplied by the relative slip between the elements at the interface as shown in Figure 
8.3c. In the analysis, a spring arrangement having the same stiffness per unit length as 
the fastener stiffness is fitted at the interface between the beam and the flange as shown 
in Figure 8.3d. By applying simple bending theory to the model and using the principles 
of linear elastic theory, the structure can be analysed and a reasonable estimate of the 
bending stiffness of the composite column section can be obtained. The method is used 
in ECS where the stiffness is referred to as the effective bending stiffness and is defined 
as (El) er. 

When designing columns, the design state will be the ultimate limit state (ULS), 
and where members are connected using mechanical fasteners, the fastener stiffness 
per unit length is taken to be the ULS slip modulus per shear plane, K,, divided by the 
fastener spacing. The ULS slip modulus per shear plane is referred to in 10.10 and is 
obtained from: 


2 
Ky = 3 Keer (8.1) 
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Displaced shape of column 


(a) Built-up member subjected 
to axial loading 


Fasteners deform 
under loading 


Relative slip 


A of fastener 


(c) Fastener behaviour when column 
moves laterally 


(b) Section 


Fastener behaviour 
is modelled by a 
series of linear 
springs along the 
interface 

A 


(d) Modelling of fastener 
behaviour 


Fig. 8.3. Modelling slip at interfaces. 


where Ke, is the slip modulus per shear plane per fastener at the serviceability limit 
state (SLS) and the value of this property for different fastener types is obtained from 
Table 10.13. 


The analysis used in ECS incorporates the following assumptions: 


(a) The member is pin jointed at each end. 

(b) The spacing between the fasteners is constant or varies uniformly in accordance 
with the shear force distribution between Sin aNd Smax, With Smax < 45min, Where 
s is the fastener spacing. 


Some of the section profiles commonly used for built-up columns are shown in 
Figure 8.4. 


8.4.1 The effective bending stiffness of built-up sections about the strong (y—y) axis 


The effective bending stiffness of columns with the profiles shown in Figures 8.2a—8.4f 
when bent about the y—y axis will be obtained from: 


3 
(Eery =) (Eil + v:E;Aia?) 


i=] 


(ECS, Annex B, equation (B.1)) (8.2) 


where the symbols are as defined in Figure 8.4 and: 
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(a) I-section 


TIE 
| 


v ae ey 
* * 
0.5b> : . , . 0.569 


N <= 


(e) Box section (f) Box section 
Key: 
(1) Fastener (1): Spacing s; slip modulus K, Fastener load F; 
(2) Fastener (2): Spacing s> slip modulus K, Fastener load F, 


All measurements are to be taken as positive except for a,which is taken as positive when as shown. 


Fig. 8.4. The profiles to which the design rules in ECS for built-up columns will apply. 
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E; is the mean value of the modulus of elasticity of element, i (see also 8.6); 
e A; is the cross-sectional area of element i, i.e. = Db; x hj. 
T, is the second moment of area of element i about its axis of bending, i.e. 


I; = bh? /12 
e y; is the connection efficiency factor, where yz = | and fori = 1 or 3, then; 
Y= [1 + mE; Ajs;/ (K:2)]' (ECS, equation (B.5)) (8.3) 
where: 


— s; is the spacing of the fasteners in connection i. Where a variable spacing 
is used to suit the shear force distribution and smax < 45min, it is proposed by 
Ceccotti [2] that an effective spacing, Sep = 0.755min + 0.255max can be used. 

— Where a flange consists of two elements connected to a single web (e.g. 
Figure 8.4c) or a web consists of two elements connected to a single flange 
(e.g. Figure 8.4e), s; will be !/ the fastener spacing per unit length used in each 
of the joining planes. In other words, the stiffness used for the connection will 
be twice the fastener stiffness in each of the joining planes. 

— K; is the stiffness of fastener i per joining plane and equates to K,,; for calcu- 
lations relating to the ULS (see also 8.6). 

— £is the length of the column. 

— It is to be noted that for a glued interface, i.e. K; = oo, y, will equal | and 
the effective bending stiffness will equate to that derived for a fully composite 
section. When K; is 0, y; will also be 0, equating to a section in which the 
elements are unconnected. 

a; 1s the distance from the centre of area of element i to the neutral axis of the 

composite section. 


In Figure 8.4, for profiles (e) and (f), az = 0 and for profiles (a)—(d), a2 it will be 
obtained from: 
— nNE Ay + ho) — y3E3A3(h2 + h3) 
2 WEA: 
The other distances can be calculated from the geometry of the section and for the 
T-section in profile (d), 43 will equal 0 in equation (8.4). All measurements are to be 
taken as positive except for a2, which will be positive when as shown in Figure 8.4. 
Applying equations (8.2)-(8.4), the effective bending stiffness about the y—y axis for 
profiles (a)—-(f) inclusive will be as given in Table 8.1. It is to be noted that the equations 
in Table 8.1 (and 8.2) incorporate the effect of the reduction in fastener spacing where 
a flange consists of two elements connected to a single web. 


a (ECS, equation (B.6)) (8.4) 


8.4.2 The effective bending stiffness of built-up sections about the z—z axis 


When due to the geometry of the built-up section or the combination of material 
properties being used the section is asymmetrical about its y—y axis, as in the case of 
profiles (a)—(d) in Figure 8.4, irrespective of whether the interfaces are glued or joined 
by mechanical fasteners, it is proposed that the elements of the section are treated as 
individual members. 
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Table 8.1 Effective bending stiffness about the y—y axis 


Profile in Effective bending stiffness about y-y axis, (EDer.y 
Figure 8.4 


bhi yh Bh 


Built-up (EDety = Ej, — + Ey, + E33 + WE (bhi) az 
sections 12 12 12 


(ayand tb) + Eo(brhy)a5 + y3E3(b3h3)az 


where for section (a) 


-1 -| 
v1 = | 1+ 2° E\(byhy) sey and y3 = | 1+27£3(b3h3) le 
K,/) @ K3) £2 


and for section (b) 


—1 -1 
S] 1 1 
=|1 2E\(bih,) {| ——) = dyz=|1 2E3(b3h 
“1 | + Ww E\ (by (Z)a and y3 | + 1° E3(b3 (=); z| 


bls bh bh 
Built-up (EDer.y = Ey D + Ey 1D + EB, D 
HecHOn(e) + WE (bihy)a? + Ex(bohy)a2 + yyEs(bshy)al 


where 
a ia ut oe 
w= [1+ E(biny) (H+) S| and ys =| 1+ 22 E(bshs) 
2K,) oe 
: byh} byh3 2 2 
Built-up (EDet,y = Ey 1D + E> D +n Ey (Oihy)ay + Ex(bsh2)az 
section (d) 
where 
i 
vie E + 17 E\(b, m(e -) Z| 
ihe boh3 ho hi\? 
Built-up (EDer.y = 21> + E,—= = 2 4 Wy JE (by hy) anos 
section (e) 
where 


1 —l 
n= E + 2? E\(bhy) (=) z| 


bh’ byh3 yh ° 
Built-up (EDer, y2E, — 0) ty Ea + 2(y)E1(bih1) “7 
section (f) 

where 


l -1 
y= [1+ EG, m(sr) 7 Z| 


The stiffening effect of the built-up section is ignored and the capacity of the column 
is conservatively taken to be the summation of the strengths of the individual elements 
in the section. 

If, however, the geometry and material properties are such that the section is sym- 
metrical about the y—y axis, the effective bending stiffness of the built-up section can 
be obtained as in Section 8.4.1. Profiles (e) and (f) in Figure 8.4 clearly fall into this 
category and if the flanges in profiles (a)-(c) each have the same cross-section and are 
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Table 8.2 Effective bending stiffness about the z—z axis 


Profile in Figure 8.4 


Effective bending stiffness about z—z axis, (ED ef, 


Built-up sections (a) where 
EF, = E3, by = b; and 


h, = hz 

Built-up section (c) 
where 

EF, = E3, by = b, and 
hi =hz 


Built-up section (e) 


Built-up section (f) and (b) 
where 

E, = E3, b} = (b2 + bs) 
and 

hi =h 


hb? hob3 
E. = 2F, — + E, | —2 
( Det, 1 12 + 2 ( 12 


hy(0.5b,)° ae hob} 


Ele, =4E 
( Det, 1 12 2 12 : 
bb 
+ 4y, E1(4,0.5b,) (2 + 
2° 4 
where 
-1 
=liegen iby (ele 
‘ 2K) @ 
hb? h>(0.5b2)° 
E. =2E 1 49E 
( Det,z 1 12 2, 12 : 
boho\ (b, bo 
2y,E,( =~ )(—+ = 
+2y a( 5) ) ($+) 
where 


-1 
p= | PeeEOsen | 2) * 
2K,) © 


hb} ho(b2/2)° 
E. =2E L49E 
( Des, 1 12 9) 12 


bo\ (bi by \” 
2y, Eo (ho— |) ( — - = 
+2nBa(n) (2 =) 


where 


n= fore (8) )(@)] 


made from the same material, the method will also apply. The value of the effective 
bending stiffness of these profiles about the z—z axis is given in Table 8.2. 


8.4.3 Design procedure 


When a built-up section is subjected to an axial compression design force, F,.4, the 
stress in the section will depend on the effective axial stiffness of the composite section, 


(EA)ep, which is: 


(EA) ep = 3 Ej; A; 
i=l 


(8.5) 


where n represents the number of members in the cross-section, and E; is the mean 
modulus of elasticity of member i parallel to the grain and A; is the cross-sectional 


area of member 7. 
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In ECS it is assumed that under the action of the axial design force the section will 
be subjected to a uniform strain and there will be no shear stress along the interfaces 
between the members. This will be achieved when the axial force is applied as a rigid 
body force over the section and its resultant acts through the centroid of the EA diagram 
of the section. Under this condition, the axial stress in each member i in the section 
will be: 


E; F. c,d 
dint Bi Ai 
where the symbols are as described above and o¢,0,4,; 18 the axial stress in member i of 
the built-up section. 


If the modulus of elasticity is the same for all members in the section, equation (8.6) 
reduces to: 


(8.6) 


9¢,0,d.i = 


Foa 
Atot 


Oc.0,d,i = (EC5, equation (C.2)) (8.7) 
i.e. the axial stress will be the same in all members and A,;,; is the total cross-sectional 
area of the built-up section. 

The buckling strength of a built-up section about each axis of bending is dependent 
on the effective slenderness ratio of the section, Aer, and, for a built-up column section 
having a pin jointed length @, it will be: 

L 
\ef | (8.8) 
(ED et 
Dini Ei Ai 


There will be a value for A.¢ about the y—y axis and the z—z axis, and the value of the 
effective bending stiffness, (EJ) .¢, for each axis will be determined in accordance with 
the requirements of 8.4.1 and 8.4.2. 

In ECS, to simplify the design procedure the effective axial stiffness of the built-up 
section as given in equation (8.5) is replaced by an axial stiffness based on the average 
E value of the members forming the section, Emean, aS follows: 


a E; Aj > EneanAtot (8.9) 


i=1 


where Emean = - ei E; and n represents the number of members in the section. 

This is an approximation that is deemed to be acceptable, and, after substituting in 
equation (8.8), the effective slenderness ratio of each element in the built-up column 
becomes: 


£ 


(the combination of equations (C.3) 


het = 
VEDer/EmeanAr) and (C.4) in ECS) (8.10) 


In accordance with the approach given in Chapter 5 for the design of a single member 
axially loaded column, the relative slenderness ratio of member j in the built-up section, 
Arel,is Will be: 


Ret | fc.0,k.i 


E, (8.11) 


Arel,i — 


Design of Built-Up Columns 301 


8.4.3.1 


where f..0,,; 18 the characteristic compressive strength of member i loaded parallel to 
the grain. In ECS the buckling curves from which the instability factor for each axis 
of bending is derived are strength related, based on the fifth percentile value of the 
modulus of elasticity, Eo.95,;, and for built-up sections the requirement is that the fifth 
percentile value is used, such that equation (8.11) becomes: 


Aet | fe.0,k.i 


(8.12) 
tw \ Eo05,i 


Arel,i = 


The k, stability factors (k,,y and k.,-), referred to in Chapter 5 for the design of single 
member columns, can now be derived for each member in the section in accordance 
with the procedures in 5.3.1. 

Because of the rotation of the member under axial loading, a shear force component, 
Va, will be generated along the interface between the members of the built-up column. 
Where the built-up section is connected using fasteners, the fasteners must be able to 
withstand this force and if glue is used the shear stress induced at the member interfaces 
must be checked. 

Where fasteners are used, the shear force, F;, to be taken by each fastener along the 
interface will be a function of V4, and is obtained from equations (B.10) and (C.5) in 
ECS as follows: 


Vi E; Aj ais; : 
7; = ——— Va (ECS, equation (B.10)) (8.13) 
(ED of 
where Vg is obtained from: 
Fy d 
: for dep < 30 
120k, 
Fo adet 3 
Vi = 3600k, for 30 <rer < 60 (ECS, equation (C.5)) (8.14) 
Fed” ton hg = 60 
Or Aef > 
60k, ; 


In the above, F¢,4 is the design axial load on the column and the other functions are as 
described in the text. 

Where the built-up column is assembled using glued joints, the horizontal shear 
stress in the members at the glue lines shall be checked using conventional elastic 
theory and the shear force on the section shall be taken to be Vy. As described in 
4.5.2, the shear strength of the members will depend on the direction of the shear force 
relative to the grain in each member. 


Design criteria for built-up sections 
For built-up sections, the design criteria to be satisfied to comply with the requirements 
of ECS are as follows: 


(a) Where Arel,y aNd Arel,z < 0.3. 
Under this condition the built-up section will not buckle, but will fail at the compression 
strength of the built-up members, i.e. 


8o,0,4,i < fe,0,d,i (8.15) 
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where: 


* 0¢,0,d,i 18 the design compressive stress parallel to the grain in member i and: 


Ei Fea 
iat Ei Ai 


where F,.q is the design axial load on the column, £; is the mean value of the 
modulus of elasticity parallel to the grain of member i, and A; is the cross-sectional 
area of member /. 

© fc.0,4,i 18 the design compressive strength parallel to the grain of member i and: 


(8.16) 


0¢,0,d,i = 


Kmod,i . Kg Si Se.0,k.i 
fevar= * (8.17) 
YM,i 


where: 

— kmoa,i 18 the modification factor for member i for load duration and service 
classes as given in Table 2.4. 

— ky, is the system strength factor discussed in Section 2.3.7. When dealing with 
single column members, this factor is not relevant and will be taken to be unity. 

— ym.i is the partial coefficient for material properties for member 7, given in Table 
2.6. 

— fe.o,x,i 18 the characteristic compressive strength of the member i parallel to 
the grain. Strength information for timber and commonly used wood-based 
structural products is given in Chapter 1. 


(b) Where either drel,z OF Arel,y is > 0.3. 
If either A;el,z OF Arel,y 18 > 0.3, the member can buckle and the design requirement will 
be as follows: 


(1) Arel,z > 0.3 and the built-up section is not symmetrical about the y—y axis. For 
sections that are not symmetrical about the y—y axis (due to geometry or a 
combination of materials), the axial load on the column, F..4, must be less 
than or equal to the summation of the load-carrying capacities of the individual 
members of the built-up section bent about the respective member neutral axis 
parallel to the z—z axis of the built-up section. 

(ii) Arel,z > 0.3 and the built-up section is symmetrical about the y—y axis. Under 
this condition, the built-up section will buckle as a composite section and: 


0¢,0,d,i S Kezi fe,0,4,i (8.18) 


where: 

® 0¢,0,d,i 18 the axial stress in member ias defined in equation (8.16). 

e k,.,; is the instability factor for member 7 and is determined from the ap- 
plication of equations (5.4b), (5.5b) and (5.6), with the relative slenderness 
ratio, Arel,z,;, being: 


Xe c i 7 
Arel.z.i = tz | Sox, (as equation (8.12)) 


mw \ Eoos,i 
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where fc.0,x,; and Eo o5,; are as previously defined and A¢¢., is the slenderness 
ratio of the member about the z—z axis, obtained from: 
L 


JV (ED ef.z/(Emean Atot) 


where the symbols are defined in equation (8.10) and (EDer,, is the effective 
bending stiffness about the z—z axis. 


Aef,z = 


Where fasteners are used the fastener design must comply with the requirements of 

equations (8.13) and (8.14) (equations (B.10) and (C.5) in ECS). 

(ili) Arel,y > 0.3. For this condition, the section must be symmetrical about the z—z 
axis, and the design condition will be: 


0¢,0,d,i < Ke,y,i £e,0,d,i (8.19) 


where: 

® 0 ¢0,4,i 1S the axial stress in member jas defined in equation (8.16). 

¢ k..y,; 1s the instability factor for member i and is determined from the appli- 
cation of equations (5.4a), (5.5a) and (5.6) with the relative slenderness ratio, 
Arel,y,i> being: 


het.y | fc.0,.k.i 
Arel,y,i = a aes (as equation (8.12)) 
A 3 


where f.,0,k,i and Eo,05,; are as previously defined and Ar, is the slenderness 
ratio of the member about the y—y axis, obtained from: 


L 
. V(EDet,y/(Emean Atot) 


where the symbols are defined in equation (8.10) and (ED)er,y is the effective 
bending stiffness about the y—y axis. 


Xet,y 


Where fasteners are used the fastener design must comply with the require- 
ments of equations (8.13) and (8.14) (equations (B.10) and (C.5) in ECS). 


(c) Where, in addition to axial load, small moments due to self-weight also arise. 
The relationship given in Clause 6.3.2(3) of EC5 must be satisfied for each element. 


See Example 8.8.1. 


8.4.4 Built-up sections — spaced columns 


A spaced column is a built-up column where there are two or more identical members 
(referred to as shafts) separated and connected by spacer packs or gusset plates that 
are either glued or fixed by mechanical fasteners. They are often used in architectural 
applications, in trusses as compression chords and in frame construction. 

Due to the geometry of its cross-section, a spaced column will have a higher load- 
carrying capacity than a single solid timber member of equivalent volume, and, apart 
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Fig. 8.5. Beam and post construction using beams inserted between spaced column shafts 
(photo courtesy of Constructional Timber Limited, a member of the Glued Laminated 
Timber Association). 


from being economical, they provide suitable construction through which other mem- 
bers such as bracing, beams or trusses can conveniently be inserted and connected, as 
shown in Figure 8.5. 

Where glue is used there will be no slip or relative rotation at the connections between 
the spacer packs (or gussets) and the shafts, and full composite action will exist. When 
mechanical fasteners are used, slip will occur and the effect of this on the composite 
action behaviour must be taken into account. Examples of spaced columns are shown 
in Figure 8.6. 

The conditions imposed by ECS for the design of spaced columns with packs or 
gussets fixed by glue or mechanical fasteners are given in Annex C, Clause C.3.1, and 
summarised as follows: 


e The columns are subjected to axial loading acting through the centre of gravity 
of the spaced column. 

e The shafts must be parallel to each other. 

e The cross-section of the spaced column must be composed of two, three or four 
identical shafts. 

e The cross-sections of the spaced column must be symmetrical about the y—y and 
the z—z axes. 

e In the height of the column there must be at least three unrestrained bays. To 
satisfy this the shafts must, at a minimum, be connected at the ends and at the 
third points. 

e a < 3h if spacer packs are used and a < 6h if gusset plates are used, where 
a is the free distance between the shafts and h is the thickness of the 
shaft. 

e The joints, packs and gusset plates are designed in accordance with the require- 
ments of Clause C.2.2 in ECS (i.e. equations (8.13) and (8.14)). 

e The pack length, @2, must equal or be greater than 1.5a. 
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Spaced columns — spaced by packs 
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Fig. 8.6. Spaced columns. 


e Ataminimum, there must be four nails or two bolts with connectors in each shear 
plane. Where nails are used, there must be at least four nails in a row at each end 
along the direction of the x—x axis of the column. 

e The gusset length, 22 must equal or be greater than 2a. 


8.4.4.1 Design procedure for spaced columns 
When considering the buckling behaviour of the spaced column shown in Figure 8.6 
about the z—z axis (i.e. deflection is in the y-axis direction), the shafts behave as 
individual elements and the strength of the column will be the summation of the 
strength of each shaft about the z—z axis. 

For buckling about the y—y axis (i.e. deflection is in the z-axis direction), the shear 
force in each shaft as well as the shear deformation in the pack/gusset plates causes 
additional flexural displacement in the shafts and the strength reduction arising from 
this effect must be taken into account in the design. This is achieved in EC5 by using 
an effective slenderness ratio, Aep, which is based on an interaction of the slenderness 
of the spaced column section (assuming it functions in a fully composite manner) and 
the slenderness of the individual shafts adjusted to take into account the stiffness of the 
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Table 8.3. Connection factor n* 


Packs Gussets 


Glued Nailed Bolted (with connectors) Glued Nailed 


Permanent/long-term loading 1 4 3.5 3 6 
Medium/short-term loading 1 3 2.5 2 4.5 


* Based on Table C.1 in EC5. 


shaft/pack (or gusset plate) connection as follows: 


dep = P+ 0 a (ECS, equation (C.10)) (8.20) 


where: 


A is the slenderness ratio of a solid column having the same length ¢ as the spaced 
column, the same cross-sectional area (Ajo, = n.A, where A is the cross-sectional 
area of a shaft, bh, and n is the number of shafts), and the same second moment 
of area about the y—y axis, Iiot, i.e: 


A= £,/ Atot f Ltot (ECS, equation (C.11)) (8.21) 


and, for the sections shown in Figure 8.6, 


bh3 ath? 

Tot = mm +2bh 5 for sections A—A, and C-C_ (8.22) 
bh3 2 : 

Lot = a + 2bh(a + h) for sections B—B and D-D_ (8.23) 


4, is the slenderness ratio of each shaft, based on the shaft length having the 
greatest distance between adjacent pack/gusset plate positions: 


ty . 
A, Hv as and must be > 30 (ECS, equation (C.12)) (8.24) 


If the value obtained is less than 30, a value of at least 30 must be used in equation 
(8.20). 

n is the number of shafts in the spaced column. 

n is a connection factor for which values are given in Table 8.3. The factor is 
dependent on whether packs or gusset plates are being used, whether they are 
glued or mechanically connected, and on the duration of loading. The stiffer the 
connection, the lower the value of the factor will be. 


The load-carrying capacity of the spaced column will be derived using the higher of 
the slenderness ratios of the column about the y—y and z—z axes and for this condition 
it has to be verified that: 


Oc,0,d < ke foc.0,4 (8.25) 


where: 


Se.0,a 18 as previously defined, and: 
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Ve/2 _Vel2 VJI3 Vids Va/3 Vil4 Vila Vel4 Vi/4 
| ] | 


(2/3)a, ((2/3)a, (5/6)ay-<>1 I< a,/2 <> (5/6)a, 


lea, >a, >! le) dle dj Sl< dy >! 


Fig. 8.7. Shear force distribution and loads on packs and gussets (based on Figure C.2 in 
ECS). 


® oO ¢ o,q is the direct stress on the column, i.e: 


Fo 
Atot 


0¢,0,d = 


¢ where F¢.q is the design value of the axial load acting on the spaced column and 
Atot 18 as defined against equation (8.20). 
k, is the instability factor associated with the critical axis (i.e. the axis having the 
maximum slenderness ratio) and is determined in accordance with 5.3.1. 


In addition to checking the strength of the shafts, the strength of the packs, gusset 
plates and mechanical fixings (when used) must also be checked. The shear forces in 
the packs or gussets are derived assuming rigid body behaviour and are as shown in 
Figure 8.7. 

From basic statics, the value of the shear force Ty; shown in Figure 8.7 is: 


Val 


Ty = (ECS, equation (C.13)) (8.26) 


a 


where q is the distance between the centre lines of adjacent shafts and Vg is obtained 
from equation (8.27), 


F, d 
: for Ag < 30 
120k. 
V Foaket ty 30 < Aer < 60 (ECS tion (C.5)) (8.27) 
= or ef < : : : 
d 3600k. SS f equation 
F, d 
: for Ace > 60 
60k. 


where the symbols are as previously defined and F,.4 is the design axial load on the 
spaced column, k, is the instability factor associated with buckling about the y—y axes, 
determined in accordance with Section 5.3.1, and Ag, is the effective slenderness ratio 
defined in equation (8.20). 
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¥ (local 
7 flange axis) 


A, If ; Vertical member 


< eC >> 


(b) N-truss 


Fig. 8.8. Lattice columns. 


The pack or gusset plates and their connections to the shafts must be designed for 
the effects of the shear force shown in Figure 8.7. The moment on the connection 
at the shaft is obtained by multiplying the shear force in the pack or gusset plate by the 
distance to the face of the shaft when packs are used or the distance to the centre line 
of the shaft when gusset plates are used. 


See Example 8.8.2. 


8.4.5 Built-up sections — latticed columns 


A latticed column is a built-up column where there are two identical members separated 
and connected by N or V lattice members fixed to the members by glued or nailed joints. 
Examples of glued latticed columns with N and V lattice configurations are shown in 
Figure 8.8. 

The conditions imposed by ECS for the design of lattice columns are given in ECS, 
Clause C.4.1, Annex C, and are as follows: 


e The structure must be symmetrical about the y—y and z—z axes. 

e The lattice on each side of the lattice column may be staggered relative to each 
other by a length of €;/2, where ¢, is the distance between adjacent nodes. 

e There must be at least three bays of latticed column in the column, i.e. £ = 3£1. 
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Where the lattice members are nailed to the flanges, there must be at least four 
nails per shear plane in each diagonal at each nodal point connection. 

Each end of the lattice column structure must be braced, i.e. secured laterally in 
position. 

For an individual flange between adjacent node connections (i.e. length ¢; in 
Figure 8.8), the slenderness ratio must not be greater than 60. 

Buckling of the flanges corresponding to the column length ¢; will not occur. 
The number of nails in the connection between a vertical (of an N-truss — as shown 
in Figure 8.8b, position (3)), and the flange must be greater that n sin@, where n 
is the number of nails in the adjacent diagonal connection (Figure 8.8b, position 
(4)) and @ is the angle of inclination of the diagonal. 


8.4.5.1 Design procedure for lattice columns 
When the lattice column structures shown in Figure 8.8 buckle about the z—z axis, (i.e. 
deflection is in the y-axis direction), the flanges behave as individual elements and the 
strength of the column will be the summation of the strength of the flanges about the 
Z-Z axis. 

When buckling occurs about the y—y axis (i.e. deflection is in the z-axis direction), 
the forces in the lattice members lead to additional lateral displacement in the flanges 
and the strength reduction caused by this is taken into account in the design procedure. 
As with spaced columns, this is achieved in EC5 by using an effective slenderness 
ratio, A-¢, derived as follows: 


| Atorw 1 + be | 
ef = max 


ECS, equation (C.14 8.28 
1.05 2eo ( q (C.14)) (8.28) 


where: 


Atot is the slenderness ratio for a solid column having the same length as the 
latticed column, the same cross-sectional area (Ato = a Ar, Where Ag¢ is the 
cross-sectional area of each flange, bd), and the same second moment of area Itot, 
Tiot = (Ag/2)((d?/3) + h?). On this basis: 
2¢ 

Xto. = —=£=**==== (8.29) 

a 

h2 + — 

3 


For most practical column sections, d*/3 is much smaller than h? and in EC5 
it is ignored, giving 
2£ . 
Atot = oe (ECS, equation (C.15)) (8.30) 
e wis a factor that takes into account the stiffness of the connection: 
(a) For glued joints jz will be as follows: 


(i) V-truss: 


eA (h\” 
w=4 — (ECS, equation (C.16)) (8.31) 
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(ii) N-truss: 


2 2 
e Ar h : 
w= F (5) (ECS, equation (C.17)) (8.32) 
f 

where e is the eccentricity of the bracing member at the nodes — as shown 
in Figure 8.8, Ary is the area of each flange, J; is the second moment 
of area of a flange about its own axis (w—w), £ is the height of the 
latticed column, and h is the distance between the centre lines of the 
flanges. 


(b) For nailed joints jz will be as follows: 


(i) V-truss: 
hE mean At : 
nNKy 
(ii) N-truss: 
hE mean At ‘ 
h= 0K. sin 20 (ECS, equation (C.19)) (8.34) 
nKy 


where the symbols are as described above, and: 


en is the number of nails in a diagonal — if a diagonal consists of two or more 
pieces, 1 is to be taken as the number of nails, not the number of nails per 
shear plane; 

© Fnean iS the mean value of modulus of elasticity of the timber; 

¢ K, is the ULS slip modulus of one nail. 


The load-carrying capacity of the lattice column will be derived using the higher of 
the slenderness ratios of the column about the y—y and z—z axes, and for this condition 
it must be verified that equation (8.25) is satisfied. Also, to comply with the EC5 
requirement that buckling of the flanges corresponding to a column length @; will not 
occur, using the procedures described in 5.3.1 for an axially loaded column it must be 
shown that the strength of each flange between adjacent node connections will exceed 
50% of the strength of the latticed column. 

The bracing members and their connections to the shafts must be designed for the 
effect of the shear force V4 derived from the equations given in EC5, (C2.2), ie. 


Ky d 
: for Ae < 30 
120k. 
V, Foahet 5. 30 < Age < 60 (ECS tion (C.5)) (8.35) 
= or ef < ‘ : : 
d 3600k. Ss f equation 
Ky d 
: for Aer > 60 
60k. 


where the symbols are as previously defined, and F,,q4 is the design axial load acting 
through the centre of gravity of the lattice column, and Aer is the effective slenderness 
ratio defined in equation (8.28). 

The above shear force will be taken by the bracing members and their connections 
as shown in Figure 8.9. The forces in the bracing can be either tension or compression, 
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(a) V- truss 


i a - ; 
( —>> 


(b) N-truss 


Fig. 8.9. Shear and bracing forces. 


and the members and connections should be designed for the more critical design 


condition. 
The design force in the bracing members and at their connections will be: 
: Va 
Horizontal bracing > (8.36) 
Vi 
Diagonal bracing = (8.37) 
2sin@ 


See Example 8.8.3. 


8.5 COMBINED AXIAL LOADING AND MOMENT 


Whether a built-up column is formed by gluing or by mechanical fixings, the design 
procedure is only applicable where the column is subjected to axial loading acting 
through the centre of gravity of the built-up section and to the cases where there are 
only small moments (e.g. due to self-weight) in addition to the axial loading. 

Under such conditions, the design requirements for built-up columns are the same 
as those for solid sections detailed in 5.4.1(b). Because of the small moment condition 
permitted, lateral torsional buckling effects can be ignored and on the premise that both 
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Ae and A, will result in relative slenderness ratios exceeding 0.3, the strength equations 
to be complied with are: 


PEO 57 PME pe ge OE a (EC5, equation (6.23)) (8.38) 
Key Fe,0,d tm,y,d Fin,z,d 
Oc,0,d Om,y,d Om,z,d <1 (ECS, e F 
a < , equation (6.24)) (8.39) 
Kez fe.0,d Simy,d — Sm,z,d 
1 
kei (ECS, equation (6.25)) (8.40) 
ky + ky Atel y 
1 
ie= (ECS, equation (6.26)) (8.41) 


Xe c Cc, 
Arany = | POOH and de dea (8.42) 
mY Eoos Eo.os 


where k, is obtained from equation (5.5b); o¢,9,4 and fc,o,4 are as previously defined 
and the bending functions are as defined in Chapter 4. 


See Example 8.8.3. 


8.6 EFFECT OF CREEP AT THE ULS 


Where the compression members of a built-up column have different values of modulus 
of elasticity, and/or the joints in the column are made using fasteners rather than glue, 
due to creep behaviour the compression stresses within the elements of the built-up 
column will change with duration of load and change in moisture content. Under such 
conditions, as required by Clause 2.2.2 in EC5, when undertaking a first-order linear 
elastic analysis the effect of creep behaviour must be taken into account. 

The analysis procedure in 8.4 relates to the derivation of stresses in the built-up 
column based on the stiffness properties derived using the mean value of the modulus 
of elasticity of the materials and the instantaneous value of the slip modulus. 

When taking into account the effect of the redistribution of stress due to creep 
behaviour, ECS requires that final mean values of stiffness properties as defined in 
2.3.4.2(b) be used. The approach gives an approximation to the true behaviour of the 
column and for this condition the final mean values of the relevant moduli are as 
follows: 


(a) Modulus of elasticity: 


Emean . 
Emean,fin G4 Wk (ECS, equation (2.10)) (8.43) 
where: 
© Emean 18 the mean value of the modulus of elasticity of the material; 
© Kaef is the creep deformation factor given in Table 2.10 (Table 3.2 of ECS) at 
the relevant service class the material will function in; 
© wy is the factor for the quasi-permanent value of the action causing the largest 
stress in relation to the strength (see Table 2.2). If this is a permanent action 
a value of 1 should be used. 
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(b) Mechanical fasteners, 
_ Ker 
(1 + Wokaer) 


where the symbols are as described above and Ke; is the slip modulus of the 
fastener per shear plane at the SLS. 


Kén (ECS, equation (2.12)) (8.44) 


Where a fastener is used for the connection, as stated in 2.3.2, if the connection is 
constituted of elements with the same creep behaviour, the value used for Kader is to be 
twice the value given in Table 2.10 and if the connection comprises two wood-based 
elements with different creep behaviour, Kder,1 and K¢er,2, the value will be: 


Keep = 2 Kaet,1Kaet,2 (8.45) 


Based on the above the connection efficiency factor, y;, referred to in equation (8.3) 
will become: 


Yi= (1 mE; Aja;(1 + 22K det, connection )Si iy 
d - Wakaeti)K serl? 


where the symbols are as previously defined and: 


(8.46) 


© Kédef,connection,i 18 the deformation factor for the fastener at connection i, and if the 
connection comprises two wood-based elements with different creep behaviours, 
Kaef,1 and Kaet,2, then Kaef,connection ren: Kat, 1Kdet,23 

© kaeg,; 18 the deformation factor for member i; 

© Key is the slip modulus for the fastener type being used. 


See Examples 8.8.4 and 8.8.5. 
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8.8 EXAMPLE 


As stated in 4.3, to be able to verify the ultimate and serviceability limit states, each 
design effect has to be checked and for each effect the largest value caused by the 
relevant combination of actions must be used. 

However, to ensure attention is primarily focussed on the EC5 design rules for the 
timber or wood product being used, only the design load case producing the largest 
design effect has generally been given or evaluated in the following examples. 
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Example 8.8.1 The glued built-up box section, shown in Figure 8.8.1, is made from 200 mm 
by 44 mm solid sections of strength class C16 timber to BS EN 338:2003, functions under 
service class 2 conditions, and supports the axial compression loading given below. The column 


is 4.50 m high, and is pinned and held laterally in position at each end. 


Check that the section complies with the strength requirements of EC5 at the ultimate limit 


states (ULS). 
The axial loading is along the centroidal axis and: 
The characteristic permanent action is 40 kN; 
The characteristic variable action (medium 
term) is 80 kN. 


x 
! 
| 
200 mm 
| Zz 44 mm 
| 
7X 
re ae 200 mm 
v 
_ | 
i 
z 44 mm 
44 mm <—>| | 44 mm 
112 mm 
ie A-A 
x 
Elevation of built-up column 
Fig. E8.8.1. 
1. Column geometric properties 
Column length, L L=45m 
Effective length about the y—y axis, Le y Ley =1.0-L Le. Ley = 4.5m 
Effective length about the z—z axis, Le., Lez =1.0-L ie. Le, =4.5m 


Adopting the symbols used for profile (f) in Figure 8.4 


Width of solid section member 1, b, = 200mm 
b; mm 

Thickness of solid section member 1, h, = 44mm 
hy mm 

Width of solid section member 2, hy = 200mm 
hymm 

Combined thickness of members 2, by = 88mm 


bomm 
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b 
Cross-sectional area of section, Atot Ato = 2° (61 shy th: >) 


Atot = 3.52 x 10* mm? 
Second moment of area about the z—z axes, J, (Table 8.2) 


Taking the connection efficiency factor = 1 


b 3 
he OO (3) by (b,  bx\" 
- Lt oo) wee ( ) I, = 1.69 x 108 mm* 


“12 12 OND. 24 
I, 
Radius of gyration about the z—z a i ie i, = 69.21 mm 
axis, i, tot 
Le 
Slenderness ratio about the z-z axis, A, = —— Az = 65.02 
de ‘2 
Second moment of area about the y—y axis, J, (Table 8.1) 
2-b)-h} by h3 hy In\? 
= 2b, -hy-{ —-+— 1, = 3.23 x 108mm‘ 
y g- oe y ye 
I, 
Radius of gyration about the y—y ly = 7 iy = 95.86mm 
axis, iy ae 
Le 
Slenderness ratio about the y—y Ay=s * Ay = 46.94 
axis, Ay re 
Critical design condition A = max(Ay, Az) AX = 65.02 


i.e. the critical condition 
is i, 


. Timber properties 
Table 1.3, strength class C16 (BS EN 338:2003(E), Table 1) 


Characteristic compression strength feok = 17 N/mm? 
parallel to the grain, fo.ox 


Fifth-percentile modulus of Eo.05 = 5.4kN/mm? 
elasticity parallel to the grain, Eo,95 


. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002,Table NA.A1.2(B)) for the ULS 


Permanent actions, 7G y = 1.35 
Variable actions, yg yo = 155 
Table 2.6 (UKNA to ECS, Table NA.3) 

Material factor for solid timber, yyy ym = 1.3 


. Actions 
Characteristic permanent action, Gx G, = 40 kN 


Characteristic variable (imposed) QO, = 80kN 
action, Ox 
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Design compressive action for the 
critical load combination, Ng 
(Table 2.8, equation (c) using the 
unfavourable condition) 

5. Modification factors 
Factor for medium-duration loading 


and service class 2, kmod.med 
(Table 2.4 (ECS, Table 3.1)) 


System strength factor, ky, — not 
relevant 


6. Compression strength of column 


Na =¥o°Gxrt+vo- Qk 
Nq = 1.74 x 10°N 


kmod.med = 0.8 


kys = 1.0 


The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-duration variable action: 


Design compression stress, 0¢.0.4 
(equation (8.7)) 


Design compression 
strength, fo.o.4 


Buckling resistance condition (5.3.1 
(ECS, 6.3.2)) 


Relative slenderness about the z—z 
axis, Arel.z 
(equation (8.12); ECS, equation (6.22)) 


N. 

Oc0d = —— 0.0.4 = 4.94N/mm? 
Atot 
kmod.med y kg s 7 Se.0xk 

feod = : 


YM 
feo. = 10.46 N/mm? 


As the relative slenderness ratio is greater than 0.3, conditions in 5.3.1(b) apply (ECS, 


6.3.2(3)): 
Factor 6, for solid timber 


(equation (5.6); EC5, equation (6.29)) 


Instability factor, k, 
(equation (5.5b); ECS, equation (6.28)) 


Instability factor, k.., 
(equation (5.4b); ECS, equation (6.26)) 


Instability factor condition 
(equation (8.18); ECS, equation (6.23)) 
— with bending stresses equal to zero) 


B, = 0.2 
k, =0.5- [1 + Be ; (Aret.z _ 0.3) + dea | 
k, = 1.26 
1 
ko. = 
k, F V k2 a hes 
kez = 0.57 
_ Seid  _ 993 
Kez+ Se.0.d 


The relationship is less than 1; therefore the built-up section in strength class C16 is 
satisfactory. (A check at the glued connections will also demonstrate that the shear stress 
is also acceptable.) 
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Example 8.8.2 A glued spaced column is fabricated from two shafts of equal cross-section, 
60 mm thick by 194mm deep as shown in Figure E8.8.2. The spaced column is pin jointed at 
each end and held laterally in position at these locations. It is fabricated from C22 timber to BS 
EN 338:2003 and functions under service class 1 conditions. The packs are glued to the shafts, 
are the same depth as each shaft, and are aligned with their grain running parallel to the grain 
of the shafts. 

Check the adequacy of the spaced column to support a combined characteristic permanent 
compression action of 25 kN and a characteristic medium-duration variable compression action 
of 35 KN applied axially through the centroid of the section. 


7X 
372 mm 
325mm > 
100 mm 
60 mm 60 mm 
y 
w A w 
~F 325mm > 3.9m 
! 
Z«é | Se is | -z 194mm 
| 
325 mm > 
Ww | Ww 
Ls 
120mm 372 mm 
\ Vv 


Cross-section 


Elevation 
Fig. E8.8.2. 
1. Column geometric properties 
Column length, L, L.=3.9m 
Number of shafts, n=2 
Depth of each shaft, b b= 194mm 
Thickness of each shaft, h h = 60mm 


Space between shafts, a a= 100mm 
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Maximum free distance permitted by 
ECS, dgcs 
(8.4.4 (ECS, C3.1)) 


Distance is acceptable if 
a/dgcs < lor=1 


Distance between centres of the shafts, 
a 


Length of end pack, ¢2. 
Length of intermediate pack £9 ; 
Length of pack for design, 


Minimum pack length permitted, £9 min 
(8.4.4 (ECS, C.3.1)) 


Pack length acceptable if 
£5/ £0, min >lor=1 


Depth of intermediate pack, w2 
Cross-sectional area of each shaft, A shatt 


Section modulus of each pack (based 
on design length £2), Wpack 


Total cross-sectional area of the spaced 
column, Aijot 


Cross-sectional area of a pack for 
design, Apack 


Second moment of area of the spaced 
column about the z-z axes, /, 


Second moment of area of the spaced 
column about the y-y axis, [tot 
(equation (8.22)) 


Second moment of area of a shaft about 
the local w—w axis, I, 


Radius of gyration of the spaced 
column about the z-z axis, i, 


Slenderness ratio of the spaced column 
about the z-z axis, A, 


dgcs = 3-h 
a 

— = 0.56 
ECS 

h 
aj=a+2.- 3 
£52 = 372mm 
£5; = 325mm 


fy = min(£2.¢, €2;) 


£5 min =1.5-a 
L 
2 = 2.17 
2.min 
wW2 = b 
Ashatt =b-h 
w.03 
Woac = 
pack 6 


Atot =n: Ashaft 


Apack = W2° ly 


n-h-b? 
12 


b-h3 
Iy = 
12 
[, 
i, = 
Atot 
Pees 


aECS5 = 180mm 


ie. OK 


a, = 160mm 


fy = 325mm 


£5 min = 150mm 


ie. OK 


Aghaft = 1.16 x 10* mm? 


Woack = 3.42 x 10° mm 
Atot = 2.33 x 10* mm? 
Apack = 6.31 x 104mm? 


I, =7.3 x 10’ mm4* 


ae ll 


Trot = 1.56 x 108 mm* 


Ty = 3.49 x 10° mm+ 


i, = 56mm 


A, = 69.64 
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Ty 

Radius of gyration of a shaft about the ly = 7m iy = 17.32mm 
ww axis, iy, shaft 
Effective length of a shaft about its own = Lint = 882 mm Lena = 882 mm 
axis (w—w) — based on longest length of ZL; = max(Lint, Lena) L, = 882mm 
shaft, L1 

L 
Slenderness ratio of a shaft about its A= A; = 50.92 

lw 


W-w axis, A, 


Minimum value to be used in equation As the value of A, is greater than 30, we will 
(8.20) must be greater than 30 use this value in, equation (8.20) 
(equation (8.24); ECS, equation (C.12)) 


A. \ 05 
Slenderness ratio of the solid column of A=L,- ( a) X = 47.65 
area Ajo, and second moment of area tot 
Tots Xr 


(equation (8.21); ECS, equation (C.11)) 


The value of the connection factor fora = 1 
pack with a glued joint, 7 
(Table 8.3 (ECS, Table C.1)) 


0.5 
Slenderness ratio of the column about ef = (2 +n- 5 . Ai) et = 69.74 
the y—y axis, Agr 
(equation (8.20); ECS, equation (C10)) 


Critical design condition Amax = MAaX(Acr.Az) Amax = 69.74 


. Timber strength properties 
Table 1.3, strength class C22 (BS EN 338:2003(E), Table 1) 


Characteristic compression strength feok = 20 N/mm2 
parallel to the grain, foox 


Fifth-percentile modulus of elasticity Eo.05 = 6.7 kN/mm? 
parallel to the grain, Eo 95 


Characteristic tensile strength Fook = 0.5 N/mm? 
perpendicular to the grain, f,.90.x 


Characteristic shear strength across the fi, = 2.4 N/mm2 

grain, fv 

. Partial safety factors 

Table 2.8 (UKNA to BS EN 1990:2002, Table NA.AJ.2(B)) for the ULS 


Permanent actions, yg Yo = 1.35 


Variable actions, yg yo = 155 
Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for solid timber, yyy ym = 1.3 
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4. Actions 
Characteristic permanent action, Gx Gy = 25kN 


Characteristic medium-duration variable Q, = 35kN 
(imposed) action, Qx 


Design compressive action for the critical Ng=yg- Gx +yYo = Ox 
load combination, Ng 

(Table 2.8, equation (c) using the 

unfavourable condition) 


Na=8.63 x 10*N 


5. Modification factors 
Factor for medium-duration loading and = Kmod.med = 0.8 
service Class 1, Kmod.med 
(Table 2.4 (ECS, Table 3.1)) 


System strength factor, k,y;—not relevant ky, = 1.0 


6. Strength of column and packs 
The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-duration variable action: 


Direct stress on the spaced column: 


; : Na 
Design compression stress, 0¢.0.4 Oc.0.d = ri Oc.0.d = 3.7 N/mm? 
(equation (8.25)) ois 

: ; Kmod.med * Ksys * fc.0.k 
Design compression strength, fc.o.4 te0.d = saa ys * Feo, 


YM 
fe.o.a= 12.31 N/mm? 


Buckling resistance condition for a spaced column (5.3.1 (ECS, 6.3.2)) 


Relative slenderness about the y—y Arey = Arey = 1.21 
ees ret | fe.0.k 
(equation (5.3); EC5, equation (6.21)) —-+,/—=— 
Fo.05 
As relative slenderness ratio is greater than 0.3, conditions in 5.3.1 (ECS, 6.3.2(3)) 
will apply: 
Factor 6, for solid timber Be = 0.2 
(equation (5.6); EC5, equation (6.29)) 
Instability factor, k, ky = 0.5- [1+ Bo+ Areiy — 0.3) +2), | 
(equation (5.5a); EC5, equation (6.27)) : 
ky = 1.33 
mn 1 
Instability factor, k,.y ky = 
(equation (5.4a); EC5, equation (6.25)) ky + ke Seat , 
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Instability factor condition — =0.56 ie. OK 
(equation (5.11a); EC5, equation (6.23)  “*)" foo 


— with bending stresses equal to zero) 


Strength of the packs: 
Shear force across the shafts, Vg Na ; 
(equation (8.14); ECS, equation (C.5)) “4 =|799. ; if Aer < 30 
Na: Ae 
ead ret’ if 30 <Ag60 
3600 - ke.y 
Na 
if 60<r. 
60- ke. ee 
Va = 2.68 x 10°N 
Shear condition: 
Va: L 
Design shear force on the pack, Ty Ty = eer Ta = 1.48 x 10*°N 
(equation (8.26); ECS, al 
equation (C.13)) 
3. CO*TT 
Design shear stress across the pack, Tq = rear s Tq = 0.35 N/mm? 
Ta pack 


Kmod.med . Keys * Kx 
YM 


Design shear strength of a pack, fi.4 ha 


fva = 1.48 N/mm? 
i.e. OK in shear 


Bending condition (critical condition will be the pack and the shaft in tension perpendic- 
ular to the grain due to the bending stresses at the glued interface with the shaft): 


Bending moment at the junction with Ma = Ta- 5 Mg = 7.39 x 10°Nmm 
the shaft, Ma 
M 
Design stress on the pack due to the oe W : Oma = 0.22 N/mm? 
pack 


bending moment, oma 


kmod.med . Keys : S90 


Design strength of the pack based on food = 
the tension strength perpendicular to YM 
the grain, ft.90.4 fi90.a = 0.31 N/mm? 


ie. OK 


Section is satisfactory as a spaced column in strength class C22 timber. 


Example 8.8.3 A lattice column with N lattice bracing is assembled from two shafts of equal 
cross-section, 63 mm thick by 225mm deep, as shown in Figure E8.8.3. The column is pin 
jointed at each end and held laterally in position at these locations. It is fabricated from C22 
timber to BS EN 338:2003 and functions under service class | conditions. The eccentricity of 
the diagonal at each connection is 150 mm. 
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Check the adequacy of the latticed column to support a combined characteristic permanent 
axial compression action of 45 KN, a characteristic short-duration variable axial compression 
action of 60 KN and a characteristic bending moment due to self-weight of 1.0 kKN/m about the 
z-z axis. Also calculate hei loads to be taken by the bracing and their connections. 


7 G, = 45 kN 
2 Oj. = 60 kN 


M,,= 1 kN m — about the z—z axis 


Wear 
” — _ 
rT - 4 See detail A 
925 i 
| i 63 ,| 
4825 Detail A 
T “YF 63 x 225 timber 
A A member — 410 = 
\ : I 
I I 
Z 225 
ae 7 Section A~A 
Vv through the lattice 
column 
Elevation on the lattice All dimensions are in mm 
column 
Fig. E8.8.3. 
. Column geometric properties 
Column length, L, L, = 4.825m 
Depth of each flange, b b = 225mm 


Thickness of each flange, t t= 63mm 
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Distance between the centre lines of the 
flanges, h 


Eccentricity of the connection between 
a diagonal bracing member and a 
shaft, e 


Section modulus of the latticed column 
about the z—-z axis, W, 


Cross-sectional area of each flange, Ar 


Cross-sectional area of the latticed 
column, Atot 


Second moment of area of the latticed 
column about the z-z axes, /, 


Second moment of area of a flange 
about its local w—w axis, I¢ 


Radius of gyration of the latticed 
column about the z—z axis, i, 


Slenderness ratio of the latticed column 
about the z-z axis, i, 


Radius of gyration of a flange about its 
W-w axis, Ly 


Effective length of a flange about its 
own axis (w—w) — based on longest 
length of flange, L, 


Slenderness ratio of a flange about the 
w-w axis, A; 

(maximum value to be < 60 

(8.4.5 (ECS, C.4.1(2)) 


Effective length of the latticed column 
about the y—y axis, Le,y 


Slenderness ratio of the latticed column 
of the same area and same J, Atot 
(equation (8.30); ECS, equation (C.15)) 


The connection factor for a glued joint 
in an N-truss, 
(equation (8.32); ECS, equation (C.17)) 


Slendemess ratio of the latticed column 
about the y—y axis, Aer 
(equation (8.28); ECS, equation (C14)) 


h = 410mm 


e= 150mm 


2-t-b? ae 
W,= 6 W, = 1.06 x 10° mm 
At=b-t Ar = 1.42 x 10* mm? 
Atot = 2+ Ag A tot = 2.84 x 10* mm2 
1 et I, =1.2 x 108mm! 
= ee LOX mm 
z 12 z 
bt 6d 
i; = — Tp = 4.69 x 10° mm 
12 
j = / < i- = 64.95 
i, = Ae i, = 64.95 mm 
L. 
a Az = 74.29 
lz 
ae 
iy =,/— iy = 18.19mm 
Ag 
L, = 925mm 
L; 
A= > 
lw 
A; = 50.86 ie. O.K. 
Ley = L, Ley = 4.825m 
2-Le 
Mot — J Mtot = 23.54 
h 
2 2 
eé Ag h 
= — -(— = 0.49 
I; (<) a 


Aef = max | Atot “d+ por: 1.05 - Aor | 


Aet = 28.74 
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Critical design condition, Amax Amax = Max (Ac, AjAz) = Amax = 74.29 ie. A, 
A 


= 0.68 Le. the ratio is less than 1; 
ae therefore OK 


Check also on the flange strength 
A 
condition, ie. must be less than 1 


(if the ratio is 1 the lattice column profile must 
be changed) 


2. Timber strength properties 
Table 1.3, strength class C22 (BS EN 338:2003(E), Table 1) 


Characteristic compression strength feo = 20 N/mm? 
parallel to the grain, foo. 


Characteristic bending strength, fn.ox tmok = 22N, /mm? 


Fifth-percentile modulus of elasticity Epos = 6.7 kKN/mm? 
parallel to the grain, Eo.05 


3. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS 


Permanent actions, yg ¥g = 1.35 

Variable actions, yg yo = 1.5 

Table 2.6 (UKNA to ECS, Table NA.3) 

Material factor for solid timber, yy ym = 1.3 
4. Actions 


Characteristic bending moment about M, = 1.0kNm 
the z-z axis, M, 


Characteristic permanent axial action, Gx = 45kN 
Gx 
Characteristic medium-duration Q, = 60kKN 


variable axial action, Ox 


Design compressive axial action forthe Ng =yq-Gkrt+yo- Ox 
critical load combination, Ng 
(Table 2.8, equation (c) using the unfavourable condition) Ng = 1.51 x 10°N 


Design moment on the column about Ma = vo- My Mg = 1.35kNm 
the z-z axis, My 


5. Modification factors 
Factor for short-duration loading and Kmod,short = 0.9 
service Class 1, Kmod.short 
(Table 2.4 (ECS, Table 3.1)) 


System strength factor, ky, — not ky, = 1.0 
relevant 
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6. Strength of the column and the packs 
The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable short-duration variable action: 
Direct stress on the latticed column: 
Na 
Atot 


Kmod.short - Keys * Se.0«k 


Design compression stress, 0.0.4 Oc.0.d = Oc.0. = 5.32 N/mm? 


(equation (8.25)) 


Design compression strength, fo.o.4 Fte.0.d = 
(equation (8.25)) YM 


te.o.d = 13.85 N/mm? 


Buckling resistance condition for a latticed column (5.3.1 (ECS, 6.3.2)) 


; Az Se.0.k 
Relative slenderness about the Arel.z = —-,/ —— Arel.z = 1.29 
pois ua F0.05 
(equation (5.3); ECS, 
equation (6.22)) 


As relative slenderness ratio is greater than 0.3, conditions in 5.3.1 (EC5, 6.3.2(3)) apply: 


Factor 6, for solid timber Be = 0.2 
(equation (5.6); ECS, 
equation (6.29)) 


Instability factor, k, k, =0.5- [ 1 Biss Qa 03): i 
(equation (5.5b); ECS, 
equation (6.28)) k, = 1.43 


Instability factor, k.., k... = ——_—————. 
(equation (5.4b); ECS, k, + 4/k? — 22 
equation (6.26)) 


Instability factor condition ——__— 
(equation (5.11b); ECS, kez food 
equation (6.24) — with bending 

stresses equal to zero) 


Combined bending and direct stress condition on latticed column 


M 
Design bending stress in the latticed On,z = et Om, = 1.27 N/mm? 
column flanges — about the z—z axis, ee 
Om.z 
Kimo short * k, s ° Jm.0. 
Bending strength of column, fn.z te dasort * Keys * fm.0k 
(size factor = 1) YM 


faz = 15.23 N/mm? 
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ite : Oc.0.d Om,z 
Strength condition when bending about + 


the z-z axis is: Kez feod fm 
(equation (5.22); EC5, equation (6.24)) 


= 0.87 


As the result is less than | the section is 
satisfactory as a latticed column in strength class 
C22 timber 


Forces in the bracing members and their connections 
Shear force across the flanges, V4 


(equation (8.35); ECS, equation (C.5)) yy =|__N*# ig ay = 30 

120 Kee 

N he : 
ee ap 30. S p 60 
3600 - ke. 

Na if 60<A 
att 1 es 
60 - ke. eta 


Va = 2.58 x 10°N 


Member and connection forces — noting bracing is on both faces: 


1 
Design force in each horizontal bracing 74g = a. Va Ta = 1.29 x 10°N 
member, Jy 
: ; ’ : Ta 
Design force in each diagonal bracing Th = h 
member, 7, 


[n2 + (L) —2- ey] 


Th = 2.35 x 10°N 
The design forces in the end connections will be Ty /2 and Ty/2. 


Example 8.8.4 The built-up box section, shown in Figure E8.8.1, is to be assembled using 
nailed joints rather than glue and will be as shown in Figure E8.8.4. It is made from 200 mm 
by 44mm solid sections of strength class C16 timber to BS EN 338:2003, functioning under 
service class 2 conditions. The column is 4.50 m high, is pinned and held laterally in position at 
each end, and is in a Category C area in accordance with BS EN 1991-1-1:2002. The nails are 
smooth round, 3.00 mm diameter at 75 mm c/c, the stiffness per nail at the SLS is 928 N/mm, 
and the lateral design strength of each nail is 421 N. 

Check if this section complies with the strength requirements of ECS at the ULS, when 
subjected to the loading applied to the column in Example 8.8.1, taking creep effects into 
account. 

The axial compression loading is along the centroidal axis and: 
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The characteristic permanent action is 40 kN; 
The characteristic variable action (medium 


term) is 80 KN. 


Elevation of built-up column 


Fig. E8.8.4. 


1. Material and nail properties 


200 mm 
<———>] 
| zZ | 44 mm 
ee 2 
no 
yor sey 200 mm 
Vv 
~ IX 
| 
J se | | 44 mm 
44 mm <—s>| <- 44mm 
112 mm 
A-A 


Table 1.3, strength class C16 (BS EN 338:2003(E), Table 1) 


Characteristic compression strength 
parallel to the grain, fo.ox 


Mean modulus of elasticity parallel to 
the grain, Eo mean 


Fifth-percentile modulus of elasticity 
parallel to the grain, Eos 


Stiffness of each nail fastener at the 
SLS, Ker 


Spacing of each fastener, s, 


2. Partial safety factors 


fo.o.k = 17 N/mm? 
Eo.mean = 8.0 kKN/mm?* 
Eos = 5.4kN/mm? 
Ker = 928 N/mm 


Sp = 75mm 


Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS 


Permanent actions, yg 


Variable actions, yg 


Yo = 1.5 


Table 2.2 (UKNA to EN 1990:2002(E), Table NA.A1.1) 
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Combination factor for the W2 = 0.6 
quasi-permanent value of a variable 
action, Wo 


Table 2.6 (UKNA to ECS, Table NA.3) 
Material factor for solid timber, yy ym = 1.3 


Material factor for connection, YM.connection = 1.3 


YM.connection 


3. Actions 


Characteristic permanent action, Gx Gy, = 40kN 

Characteristic variable (imposed) Ox = 80kN 

action, QO, 

Design compressive action for the Ga = Yo-° Gx Ga =5.4x 10*N 


permanent action, Ga 


Design compressive action for the Qa =vo- Ox Qu = 1.2 x 10°N 
variable (imposed) action, Q4 


Design compressive action for the Na = Gat Qa Na = 1.74 x 10°N 
critical load combination, Ng 

(Table 2.8, equation (c) using the 

unfavourable condition) 


4. Modification factors 
Factor for permanent duration loading kmod.perm = 0.6 
and service class 2, kmod.med 
(Table 2.4 (EC5, Table 3.1)) 


Factor for medium-duration loading Kmod.med = 0.8 
and service class 2, Kmod.med 
(Table 2.4 (ECS, Table 3.1)) 


System strength factor, ky, — not kys = 1.0 
relevant 
Deformation factor for timber and Kaep = 0.8 


service Class 2, Kger 
(Table 2.10 (EC5, Table 3.2)) 


5. Column geometric properties 


Column length, L L=45m 
Effective length about the y—y axis, Ley Ley =1.0-L Le. Ley =4.5m 
Effective length about the z-z axis, Le, Le, =1.0-L ie. Le, =4.5m 


Adopting the symbols used for profile (f) in Figure 8.2 
Width of solid section member 1, b; b, = 200mm 
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Thickness of solid section member 1, h, h, = 44mm 
Width of solid section member 2, h2 hy = 200mm 
Combined thickness of members 2, b by = 88mm 
b 
Cross-sectional area of section, Atot Atot = 2- (+ -hy +h: 2) 


Atot = 3.52 x 104mm? 


Second moment of area about z—z axes, I, 
(Table 8.2) 


Evaluation of the connection efficiency factor, y1, 


(equation (8.3); EC5, equation (B.5)), adopting the final mean value for stiffness property) 
The largest stress to strength ratio will be the larger of the permanent action/kmod.perm 
and the combined permanent and variable action/kmodmea: Let the ratio of one to the 


other be r: 


-G Kimo me 
ps k d.med re 
Kmod.perm YG: Gy + Yo: Ox 
i.e. because the factor is less than 1, the variable loading produces the higher stress/ 
strength ratio, so the factor yf will be associated with variable loading. 


To simplify the connection efficiency equations: 


El= E0.mean Kl= Ker 
1 — Wo - Keer 1 — 752 -2+ Kaer 


Connection efficiency factor, yl, 


(hy - by) - al 


“8p 1, = 0.35 
4.K1-L2, aes 


y= [bea EL 


Effective bending stiffness about the z—z axis, EJ, ef, Table 8.2 


2. -hy. 2 
12 12 ie i a a 


2-h ba)’ 
att) en =(2 ny 


Eloetz = Fl. ( 


Elvep, = 5.37 x 10!'Nmm 


Second moment of area about the z-z axis, Jer. 
ET, ef. z 
El 


Effective slenderness ratio about the z—z axis, Ae¢., (equation (8.10)) 


Atot 
Retz = Lez: Te Aefz = 84.74 


Second moment of area about the y—y axis, J, (Table 8.1) 


Top. = 


Tep 2 = 9.93 x 107 mm* 
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Evaluation of the connection efficiency factor, y2, 


(equation (8.3); EC5 equation (B.5)), adopting the final mean value for the stiffness 
property) 


-1 
be she 
en =| y? = 0.35 


2-K1- ie. 
Effective bending stiffness about the y—y axis, Eley (Table 8.2) 


3 ea oa | 2 viet ob by hy SRO pha ee 
CS 12 12 (IN et 


Els. = 8.32 x 10'' Nmm? 


yay=| tes? er: 


Elet.y 8 4 
Second moment of area about the Jer = Tepy = 1.54 x 10° mm 
y-y axis Leg y _ Fo.mean 
1+ Wo - kaet 
A 
Effective slenderness ratio about Acry = Ley: 7 ss Aet.y = 68.06 
the y—y axis, Acr.y ef.z 
(equation (8.10)) 
Critical effective slenderness ratio, Netz = 87.74 


Aef.z large of Ace and Ace. 


6. Compression strength of column 
The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-duration variable action: 
Na 
Atot 


Kmod.med * Keys * Te.0k 


Design compression stress, 0¢.0.4 Oc.0.d = Oc.0.4 = 4.94 N/mm? 


(equation (8.7)) 


Design compression strength, f.og  feoa= 
feo. = 10.46 N/mm? 
Buckling resistance condition (5.3.1 (EC5, 6.3.2)) 


Relative slenderness about the Arel.z = het : i feo Vrel.z = 1.51 
L-% axis, Arel.z i Eoos 

(equation (8.11); ECS, 

equation (6.22)) 


As the relative slenderness ratio is greater than 0.3, conditions in 5.3.1 apply 
(ECS, 6.3.2(3)): 


Factor 6, for solid timber B. = 0.2 

(equation (5.6); EC5, 

equation (6.29)) 

Instability factor, k: ke =0.5-[1+ Be- Anat — 0.3) + 22, 


(equation (5.5b); ECS, 
equation (6.28)) k,=1.7 
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1 
Instability factor, k.., ko. = 
(equation (5.4b); ECS, k, + /k? — 22 
equation (6.26)) 
Instability factor condition pene 1.27 


(equation (8.18); EC5, Kez food 
equation (6.23) — with bending 
stresses equal to zero) 


Check the capacity of the fasteners 
Force on fastener, F'1: 


N 
Critical condition will be due to the V24= re 
shear force when bending about z—z 60 ke.z 
axis, V2q 


(equation (8.14); ECS, equation (C.5)) 


The load to be taken by each fastener bending about the z—z axis, F'1 


(equation (8.13); ECS, equation (B.10)) 


b b b 
yin B1-(F-ha)-(B-F) BW 
Fl= 


Elo ef.z 


Design strength of a 3.00 mm diameter round nail, Fy ra 
(as nail spacing exceeds 14d, no reduction in strength is required) 


Load reduction to achieve an acceptable design: 


The design axial load on the column, Na Ng = 1.74 x 10°N 


1.100 
(a) Percentage of axial load to comply red,x = waa 
with the axial strength condition —— = 
ke. i. f c.0.d 
: Sra» 100 
(b) Percentage of axial load to comply red, = FL 


with the nail strength condition 


ko = 0.37 


i.e. the section is 
not acceptable 


V24=7.77 x 10°N 


F1=710.05N 
Fy.ra = 421N 


i.e. not acceptable 


red,x = 79.03% 


red, = 59.29% 
i.e. (b) is the 
critical condition 


Comparison with the strength of the same column, but glued rather than nailed, as given 


in Example 8.8.1: 


1 
The maximum axial load able to be Nz = Na- 0.83 
supported by the glued column, Ny, . 
421 
The maximum axial load able to be Nz = Na: => 
710.05 


supported by the nailed column, N, 


i.e. under combined permanent and medium-term axial loading, 
the nailed column using 3 mm diameter smooth wire nails at 
75 mm c/c is only 49.2% as strong as the equivalent glued column. 


Nz = 2.1 x 10°N 
= 1.03 x 10°N 


Nn 
Na. 100 = 49.2 
Ng 
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Example 8.8.5 The box section column, shown in Figure E 8.8.5, is made from solid sections 
of timber, strength class C18 to BS EN 338:2003, faced with 12-mm-thick Finnish ‘combi’ 
plywood, fixed by nails at 50 mm c/c. The column is 3.0 m high and functions under service 
class 2 conditions. It is pinned and held laterally in position at each end. The stiffness of each 
fastener is 900 N/mm and they are fixed at 50 mm c/c along each flange. The building is a 
Category C area in accordance with BS EN 1991-1-1:2002 and the timber and plywood face 
grain are in the same direction. 

Check that the column is able to support a combined characteristic permanent loading of 15 
KN and a characteristic medium duration variable load of 25 KN at the final condition. There is 
no requirement to check the strength of the fasteners. 


Plywood plates connected to 
studs by nails of the same 
diameter and at 50 mm c/c. 


Elevation of built-up column A-A 


Fig. E8.8.5. 


1. Material and nail properties 
Table 1.3, strength class C18 (BS EN 338:2003(E), Table 1) 


Characteristic compression strength flcox = 18 N/mm? 
parallel to the grain, f loo 


Fifth-percentile modulus of elasticity Eloos = 6.0 kN/mm2 
parallel to the grain, E'10.05 


Mean value of modulus of elasticity Elomean = 9-0 kN/mm? 
parallel to the grain, F.10.mean 


Table 1.10, 12-mm-thick Finnish ‘combi’ plywood 


Characteristic compression strength, F200. = 21.5 N/mm? 
f20.c.0.k 
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Mean value of modulus of elasticity F25.0.mean = 7.758 kN/mm2 
parallel to the grain, E25 .0.mean 


Fifth-percentile modulus of elasticity £2) 0,05 = 0.75 - E25 .0.mean 
parallel to the grain, taken to be 2 ; 
0.75 E25 .0.mean, E2p.0.05 E25.0.05 = 5.82 kN/mm 


Shear modulus of the panel, G2) mean G2p.mean = 589 N/mm? 


Mean value of modulus of elasticity of 
the section Eo mean 


F25.0.mean +E 10.mean 


E.mean = 2h 4 Eo.mean = 8.38 kN/mm? 
Stiffness of each fastener at the SLS, Key = 900 N/mm 
Ker 


. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS 


Permanent actions, yg Ye = 1.35 
Variable actions, yg yo = 155 
Table 2.2 (UKNA to BS EN 1990:2002, Table NA.A1.1) — Category C 


Factor for quasi-permanent value of Wo = 0.6 
variable action, 


Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for plywood, yw yumi = 1.2 
Material factor for solid timber, yy2 yu2 = 1.3 
Connection factor, Y¥4,connection Yotconnection = 1-3 
. Actions 
Characteristic permanent action, Gx Gy = ISkKN 
Characteristic variable (imposed) QO, = 25kN 
action, O, 
Design compressive action for the Na = ¥o:Get+yvo- Ox 


critical load combination, Nq 
(Table 2.8, equation (c) using the 
unfavourable condition) 


Na = 5.78 x 10*N 


. Modification factors 

Factor for permanent duration loading kmod.perm = 0.6 
and service class 2, Kmod.perm (Table 2.4 

(ECS, Table 3.1)) 


Factor for medium-duration loading Kmod.med = 0.8 
and service class 2, Kmod.med 
(Table 2.4 (ECS, Table 3.1)) 
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System strength factor, k,,, — not relevant 


Deformation factor for timber and 
service Class 2, Kader t 
(Table 2.10 (EC5, Table 3.2)) 


Deformation factor for plywood and 
service Class 2, Kderp 
(Table 2.10 (EC5, Table 3.2)) 


5. Geometric properties 
Column length, L 


Effective length about the y—y axis, Le y 
Effective length about the z—z axis, L.., 
Spacing of each fastener, s, 


For the creep condition: 


ky, = 1.0 

Katt = 0.8 

Kaetp = 1.0 

L=3.0m 

Ley =1.0-L Le. Ley =3m 
Lez = 1.0-L ie. Le, =3m 
Sp = 50mm 


The largest stress to strength ratio will be the larger of the permanent action/kmod.perm and the 
combined permanent and variable action/kmodmeda. Let the ratio of one to the other be r: 


YG° Gx Kmod.med 


Kmod.perm Yo: Or + Yo: On 


a 


r = 0.36 


i.e. because the factor is less than 1, the variable loading produces the higher stress/strength 
ratio, so the factor 2 will be associated with variable loading. 


Final mean value of the modulus of 
elasticity parallel to the grain for timber, 
E 1 mean.fin 


Final mean value of the modulus of 
elasticity parallel to the grain for 
plywood, F2p mean.fin 


Mean of the final mean value of the 
modulus of elasticity of 
section, Enean.fin 


Final mean value of the stiffness of each 
fastener, K fin 

(equation 2.40; EC5, equations (2.12) 
and (2.13)) 


E 1o.mean 
E\ mean.fin =a = =. 
1+ Wo - Keett 
E'\ mean.fin = 6.08 x 10° N/mm2 
E2, mean 
E2.mean.fin = ies 2 
1+ Wo + Kaet.p 
E25 mean.fin = 4.85 x 10? N/mm? 
E2 mean.fin EV mean. n 
Enean.fin =2- - ; ; : 
Emean.fin = 5.46 kN/mm2 
K ser 
Kéin 


1+ Wo-2+ (keetp + Kaet 1) 


Ken = 434.09 N/mm 
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Adopting the symbols used for profile (e) in Figure 8.2 


Width of plywood section, member 2, hy = 300mm 
hy 

Thickness of each plywood flange, h=12mm 
member 2, h 


Width of the timber section, member 1, h; = 50mm 
hy 


Clear distance between the inside faces b=h,—2-h, b = 200mm 
of members 2, b 


Check the effective flange width of the panel (7.3.2.1 (ECS, 9.1.2)) 
In compression, D1 .¢ (Table 7.2 (ECS bleep = min (0.1 - Le, 25 -h) 


Table 9.1)) Hix oA ini 
ie the value is based on plate buckling criteria 


As the width exceeds the clear distance between members 2, the full width of the section 
flange can be used in the design. 


Also, check on the buckling length of ae = 0.5 the value is less than 1; 
the compression flange — based on plate a therefore OK 

buckling criteria 

7.3.2.2 (ECS, Clause 9.1.2(5)) 


Combined thickness of plywood by = 24mm 
members 2, /1; 


Depth of timber member, 1, b, b, = 100mm 


EA of the section, EFA tot FAc tot = (2 s E11 mean.fin 7 by z hy + E2p.mean.fin : bo : h2) 
EAc tot = 9.57 x 10’N 
Properties of section about the y—y axis: 


Connection efficiency factor, y)1 
(equation 8.3; ECS, equation (B.5)) 


S 
(bin) > 


Kgn- L2, 


-1 


Yl = 1+ eB lignin : Yl = 0.34 


Effective bending stiffness about the y—y axis, El ef y 
(Table 8.1) 
by +h 


12 


bh 


Ely ef y = 2s EV nean.fin . 12 


ete E22) mean.fin . 


+2 El bets (Oo 
Vy. mean.fin 1 1 2 2 


Elcef.y = 6 x 10!! Nmm? 


. . FAg tot 
Effective slenderness ratio about the Acety = Ley’ 
- eG ET. ety 
y—-Y axis, c.ef.y 


(equation (8.10)) Mey = O18 
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Second moment of area of the section about the z-z axis, J, (Table 8.2) 


Connection efficiency factor per nail line, y, 


bo , = 
(> -( ») - (Sp) 


¥z1 = 0.48 
2: Ken: Lz, 


2 
¥z1 = l-z E25 .mean.fin $ 


Effective bending stiffness about the z-z axis, El, ef.z 
(Table 8.2) 


by \? 
hy -b3 he by Tan) 
ET ef.z =2- E | mean.tin . = +2- E2p mean.fin Or +2- Yet? E2p mean.fin . hy . 2 . > + a 


: 


EI, o¢, = 1.03 x 10!'Nmm 


. . EFA tot 
Effective slenderness ratio about the Aeete = Les 
ET, ef. z 


ZZ AXIS, Acef.z 
(equation (8.10)) 


Ve.ef.z = 91.38 
Critical slenderness ratio for the Acjef = MAX(Acefys Ac.ef.z) 
instantaneous condition, Ac ef 

Acet = 91.38 

1.e. Ne.ef.z 


The design condition will relate to properties of the section about the z-z axes 


6. Strength of the column 
The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-duration variable action: 
Design compression stress: 


E25.mean.fin ‘ Na 


Design compression stress in the Olpcoa = 
EFAg tot 

plywood, o 1p.c.0.d 
(Equation 8.6) Glyege = 2-93 N/mm2 

: : . E 1 mean.fin, Na 
Design compression stress in the 02.04 = ———_— 
7 FA tot 
timber, 0 2¢.0.4 
(equation (8.6)) 02¢0.4 = 367 N/mm? 
Design compression strength of 
the plywood, fp.c.0.4 

kmo -med ° kg s* 2c. & 

a fro flpcoa = 14.33 N/mm? 


YM 
Design compression strength of 
the timber, f2..0.4 


Kmod.med : Kgys Mg Ffic.ox 


(20s f2cog = 11.08 N/mm? 


YmM2 
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Design compression strength about the critical z—z axis: 


Buckling resistance condition for each element 
(5.3.1 (ECS, 6.3.2)) 
Member 1: Plywood 


: efiz 2p.c.0.k 

Relative slenderness about the Vrel.z,1 = Vesta. FPrcok Be Vretz,1 = 1.77 
: E2,0.05 

ZZ AXIS, Arel.z,1 


(equation 8.11; EC5, equation (6.21)) 


The relative slenderness ratio is greater than 0.3, hence conditions in ECS, 6.3.2(3) apply: 


Factor 6, — using the solid timber value 6, = 0.2 
(equation (5.6); EC5, equation (6.29)) 


Instability factor, k-,1 kz =0.5+[1 + Be + Aretz.1 — 0.3) + y2121] 
(equation (5.5a); EC5, equation (6.27)) 


ky = 2.21 
ons 1 
Instability factor, ke. Keni = 
(equation (5.4a); EC5, equation (6.25)) ket + yf ke — Meie4 
Koz1 = 0.28 
Strength of element 1 Kez1* Fp.co.a = 4.05 N/mm2 


Member 2: Timber 


C.€. le, " 
Relative slenderness about the Vrel.z.2 = Be Fleox Vrel.z.2 = 1.59 
1 E 10.05 


ZZ axis, Arel.z.2 
(ECS, equation (6.21)) 


The relative slenderness ratio is greater than 0.3, hence conditions in 5.3.1 (ECS, 6.3.2(3)) 
apply: 


Instability factor, k,.2 keg =0.5-|1+ Be- Aret.z.2 — 0.3) + ¥2,,2| 
(equation (5.5a) (ECS, 
equation (6.27)) kzo = 1.9 
1 
Instability factor, ke...2 koz2 = 


(equation (5.4a); ECS, ko + afkex — ri, 9 


equation (6.25)) 


Kez2 = 0.34 
Strength of element 2 Kez2- f2c.0.4 = 3.78 N/mm? 
‘ oO 1, c.0.d é 
Stress/strength ratio of element 1, Fan Fis = 0.72 i.e. less than 1, OK 
i.e. plywood, at the final condition cal flpcoa 
2. ; 
Stress/strength ratio of element 2, =e = 0.97 i.e. less than 1, OK 


i.e. timber, at the final condition koz2° 2.0.4 


Chapter 9 


Design of Stability Bracing, Floor and 
Wall Diaphragms 


9.1 INTRODUCTION 


In this chapter, the design of structural elements that provide lateral stability or act as 
diaphragms to transfer lateral actions through the structure is addressed. 

There are several ways in which stability or lateral bracing can be provided to a 
structure and those most commonly used in timber structures are as follows: 


(a) Provision of lateral bracing members; 
(b) The use of roof or floor diaphragms; 
(c) The use of wall diaphragms. 


When an element in a structure is subjected to compression due to a direct force 
or by a bending moment and is insufficiently stiff to prevent lateral instability or 
excessive lateral deflection, lateral bracing of the member is likely to be required. 
This is particularly relevant to the design of columns and beams acting as individual 
members or as members in a braced system, and the methodology used in such cases 
is given in 9.2.5, ECS [1]. 

Examples of the types of situations where lateral stability bracing is commonly 
required in timber structures are shown in Figure 9.1. 

When lateral forces at floor or roof level in timber-framed buildings have to be 
resisted, this is commonly achieved by the use of the floor and/or roof structure 
functioning as diaphragms and the end reaction forces are typically provided by wall 
diaphragms as illustrated in Figure 9.2. The wall forces are then transferred to the 
foundation structure through the racking resistance of the diaphragms. For clarity, di- 
aphragms or equivalent bracing structures to resist lateral forces when they act along 
the length of the building, i.e. at right angles to those shown in Figure 9.2, have not been 
shown. The design procedures for these elements are covered in 9.2.3 and 9.2.4 of ECS. 

In this chapter, the design of structural elements that provide stability or act as 
diaphragms to transfer actions through the structure is addressed. 

The general information in 4.3 is relevant to the content of this chapter. 


9.2 DESIGN CONSIDERATIONS 


Bracing members and diaphragm structures have to satisfy the relevant design rules 
and requirements of ECS and the limit states associated with the main design effects 
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Lateral bracing members Bracing truss Lateral bracing members Bracing truss 


NIT TTT LY 
= n columns ad 


Lateral bracing for a pitched truss system Lateral bracing for a series of columns 


lL n trusses J 


Fig. 9.1. Examples where lateral bracing of compression members are required. 


are given in Table 9.1. The equilibrium states and strength conditions relate to failure 
situations and are therefore ultimate limit states (ULS). There is no displacement 
criterion for diaphragm structures, and for bracing structures the criterion is associated 
with the limitation of movement of the bracing system under the effect of the combined 
bracing force with any other external loading (e.g. wind loading) at the ULS. There is 
no serviceability limit states (SLS) displacement criterion. 


9.3. LATERAL BRACING 

9.3.1 General 
The design procedures in EC5 cover the situation where compression members function 
as single elements in a structure as well as the condition where they form part of a 


bracing system as indicated in Figure 9.1. 


Lloof diaphragm 
structure 


Kloof diaphragm 
structure 


Lateral forces on 


Floor diaphragm 
structure 


Call diaphragm 
structure 


Fig. 9.2. Floor, roof and wall diaphragms (for lateral forces acting as shown). 
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Table 9.1 Main design requirements for bracing and diaphragm structures and the associated EC5 
limit states 


Element Design or displacement effect ECS limit states 
Bracing members Axial stress, including the effect of lateral ULS 
instability 
Deflection ULS 


Diaphragm floors and roofs Retention of static equilibrium (sliding, uplift ULS 
(for roofs)) 


Bending stress ULS 
Shear stress ULS 
Diaphragm walls Retention of static equilibrium (sliding, uplift) ULS 
Racking resistance ULS 


In general, the design procedure incorporates the maximum out of straightness al- 
lowances permitted in ECS, Section 10, i.e. (1/300) for solid timber and (1/500) for 
glued laminated timber or laminated veneer lumber, where ¢ is the distance between 
the supports of the member. 

The function of lateral bracing is to provide lateral support to a member in order to 
prevent it from moving laterally at the bracing position and by so doing increase the 
buckling strength of the member. The approach used for the design of bracing providing 
lateral support to single members in compression is to design each bracing member for 
the force and stiffness required to effectively hold the compression member in position 
at each bracing member location. Where several members or assemblies (e.g. roof 
trusses) have to be braced laterally and a bracing system is to be used, the system must 
be designed to withstand the lateral loading arising from the bracing members. The 
forces are determined on the assumption that each compression member will deform 
in a single wave sinusoidal mode, and to comply with the assumptions used in the 
analysis, the maximum deformation of the bracing system under this loading together 
with any other external loading (e.g. wind loading) the system supports must not exceed 
span/500. 

The design procedure for members subjected to a direct compression force is dif- 
ferent to that used for members subjected to a compression force caused by a bending 
moment. For members subjected to direct compression, the design force in the bracing 
is derived from the full value of the design compression force in the member, ignor- 
ing any compressive resistance provided by it in the unbraced condition. In the case 
of members subjected to bending moment, the unrestrained lateral torsional buckling 
strength is taken into account and the design force to be taken by the bracing is the 
design compressive force in the member less this resistance. 

For arectangular member of depth h subjected to a design moment, Mg, with a lateral 
buckling instability factor kj, derived in accordance with the procedures described in 
4.5.1.2, the approximate solution used in EC5 to determine the design value of the 
compression force in the member, Nag, is: 


M. 
Ne kes) (EC5, equation (9.36)) (9.1) 
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(y) (y) 
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<a> 4 >K- 4 OK a <a <a> a > a > 
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Stiffness of each elastic span a = (/m, where m is the 
supports = C number of supported elements 
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(c) 


Fig. 9.3. Plan view on the lateral buckling modes of an elastically supported member. 


9.3.2 Bracing of single members (subjected to direct compression) by local support 


The method detailed in 9.2.5.2 of ECS is applicable to the design of bracing mem- 
bers laterally supporting a single member subjected to direct compression, e.g. the 
compression boom member of a truss, or a single beam under bending moment. 

The function of the bracing is to prevent the member from buckling laterally at the 
bracing positions and by so doing increase its lateral buckling strength. Consequently, 
when determining the buckling strength of the single member its buckling length should 
be taken to be the distance between adjacent bracing members. 

Consider a compression member of length ¢ braced laterally by elastic supports 
spaced at equal intervals along its length, each having the same axial stiffness. A plan 
view on such a member is shown in Figure 9.3a. 

Where failure can occur due to the effects of lateral instability, the compression 
member will buckle about its weak z—z axis and for a perfectly straight member, 
where it is supported rigidly at bracing positions equally spaced along the length of 
the member, the failure mode will be as shown in Figure 9.3b. For this condition, the 
stiffness to be provided at each bracing position will be theoretically infinite and the 
force in the bracing members and its connections will be zero. Where the stiffness of 
the bracing and the connections is relatively small, the member will displace laterally 
but in so doing will reduce the buckling load that can be supported by the member. 

To optimise the strength of the member, the design condition to be achieved by 
the bracing is equivalent to that shown in Figure 9.3b, and this can be simulated by 
increasing the stiffness of the bracing members for the mode shown in Figure 9.3c 
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Table 9.2 Value of k, against the number of bays, m, in the compression member 


m = t/a* 2 3 4 5 6 8 10 lore) 
k, = l/y 2 3 3.41 3.62 3.73 3.80 3.90 4 


*€ is the length of the compression member and a is the length between lateral supports. 


until they have reached a value that will effectively hold the member in position at each 
support. 

Based on classical elastic stability theory, assuming a perfectly straight member, 
Timoshenko and Gere [2] have shown that for such a condition the minimum spring 
stiffness, C, to be provided by each bracing member will be: 

mN-. 


oe ty (9.2) 


where: 


¢ C is the minimum axial stiffness of each spring; 

¢ mis the number of supported elements of the compression member along its length 
(see Figure 9.3b where, for the example used, m = 4); 

e N- is the critical buckling load of the member, i.e. the Euler buckling load 
for a member of length @/m, and for a timber or wood-based product N. = 
mEI/(£/m)?, where EI is the flexural rigidity about the z—z axis of the member 
and E is the 5th-percentile value of the modulus of elasticity parallel to the grain; 

e £is the overall length of the member; 

e y is anumerical factor that depends on the number of supported sections of the 
laterally supported member and = (1/2)(1 + cos(z/m)). 


Substituting for y, and letting £/m = a, as shown in Figure 9.3b, equation (9.2) can 
be written as: 


_ 21 + cos(z/m))Ne 


a 


Cc (9.3) 


For loads less than NV, the assumption is made that the stiffness can be allowed to 
reduce linearly and under the action of the mean design load in the member at the ULS, 
Na, the minimum spring stiffness required is written as: 


N 
C= [as (ECS, equation (9.34)) (9.4) 
a 


where k, =1/y, is a modification factor and the other functions are as 
described above. 

The value of k, for increasing values of m is given in Table 9.2, achieving amaximum 
value of 4 when m is essentially greater than 10. A range of values is given for k, in 
ECS, however as it is a nationally determined parameter, the requirement in the UKNA 
to ECS [3] is that k, = 4, i.e. the largest theoretical value. 

In determining the stiffness of the bracing, the effect of deviation from straightness 
of the compression member has been ignored, however in determining the force to be 
taken by each bracing member, ECS takes this into account. For the buckling mode 
shown in Figure 9.3d, EC5 assumes that the member will have an initial deviation from 
straightness, dy, as shown in Figure 9.4b. 
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Fig. 9.4. Buckling mode adopted in ECS for the strength analysis of the bracing member. 


The axial force in the bracing, Fy, arising from the design compression force in the 
member, Ng, will be increased due to the initial deviation and from a second-order 
linear elastic analysis, as stated in STEP | [4], a conservative value of Fy can be shown 
to be: 


Re 75 (9.5) 
a 


Adopting the maximum value of initial deviation from straightness between supports 
permitted in ECS, 10.2, i.e. (2a)/300 and (2a)/500 for solid timber and for glulam or 
LVL, respectively, and applying these to equation (9.5), the design force in each bracing 
member will be as follows: 


e For solid timber: 


eS ! \y, 
i x = 
—— 1300 ~ 2a : 


¢ For glulam or LVL: 


pes ee aa 
a x = 
ea ‘500° 2a \96.15) ° 


In ECS the factors applied to the design force Ny are defined as 1/k,,, for solid timber 
and 1/k¢ for glued-laminated timber or LVL, and the design force is obtained as 
follows: 
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e For solid timber: 


N 
fo = (ECS, equation (9.35)) (9.6a) 
f,1 
e For glulam or LVL: 
N 
a = (ECS, equation (9.35)) (9.6b) 
f,2 


As with ks, referred to above, kp; and kg are nationally determined parameters and 
the requirement in NA.2./0 of the UKNA to ECS is that they shall be taken to be 60 
and 100 respectively. 

Applying the principle of static equilibrium to the beam section shown in Figure 
9.4b, when the stiffness of the bracing, C, is as given in equation (9.4) the following 
relationship will exist between the design compression force in the member, Ng, and 
the lateral force, Fa, in each bracing member: 

ao 4Naao 

~ (a/2Na—1/C) a 

The lateral force in a bracing member when using equation (9.7) will be greater than that 
obtained from equation (9.35) in ECS, the difference arising because deviation from 
straightness has not been taken into account when determining the bracing stiffness 
equation (9.4). Itis to be presumed that taking into account other inherent conservatisms 
in the analysis methodology, EC5 does not consider this omission to be significant for 
practical design situations. 

As the force in the bracing member can be a tensile or a compressive action, de- 
pending on the bracing system being used the bracing member and its end connections 
must be designed to resist both conditions. 


Fi (9.7) 


See Example 9.7.1. 


9.3.3 Bracing of single members (subjected to bending) by local support 


The method is applicable to the design of bracing members when fitted to a single 
member subjected to compression forces arising from bending, e.g. the compression 
force in the compression zone of a beam. The function of the bracing is to prevent the 
single member from buckling laterally at the bracing positions and by so doing increase 
the lateral torsional buckling strength of the member. Consequently, when determining 
the lateral torsional buckling strength of the braced member, its effective length should 
be taken to be the distance between adjacent bracing members. 

With beams, the relationships given in equations (9.4) and (9.6) for laterally braced 
single members subjected to direct compression will still apply. However, the value 
to be used for Ng, i.e. the mean design compressive force in the member, must be 
determined as described in 9.3.1. 

When dealing with a rectangular member of depth h, Ng is derived in accordance 
with equation (9.1), ie.: 

Ma 


Ng = (1 ~ kes) >" (EC5, equation (9.36)) (9.1) 
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where k,,i¢ is derived from ECS, 6.3.3(4), for the unbraced member length, as described 
in Chapter 4, My is the maximum design moment acting on the beam, and h is the depth 
of the rectangular beam. 

If Kerit is unity, function (1 — Kerit) will be zero, meaning that the beam will not buckle 
and there will be no requirement for lateral bracing along its length. When Kyi is less 
than unity, lateral torsional buckling can arise and Ny will be derived from equation 
(9.1). It is to be noted that for beams the design compressive force is derived using the 
maximum value of the design moment in the section, whereas for members primarily 
subjected to direct compression (referred to in 9.3.2) the mean value of the design 
compressive force is used. Also, to satisfy the theory, the bracing must be positioned 
such that the lateral support is provided at the compression edge of the member. 

Having determined the design force, Ng, the bracing stiffness and the design axial 
force in each bracing member is derived as described in 9.3.2. 


See Example 9.7.2. 


9.3.4 Bracing for beam, truss or column systems 


Where a bracing system is required to provide lateral stability to a series of compression 
or bending members (e.g. columns, trusses or beams), this is effectively achieved by 
providing lateral stiffness using truss or plate action within the plane of the bracing 
structure. 

For the general case of a series of similar compression members that require to be 
braced at positions along their length, the approach used in ECS is to assume that the 
deflected shape of each compression member under load will be a sinusoidal form 
between its supports and will include for the maximum initial out of straightness 
permitted in EC5, /0.2(/). Although the lateral stiffness of the structure will be a 
combination of the lateral stiffness of the members and of the bracing system, in ECS 
the member stiffness is ignored and also the effect of shear deformations is not taken 
into account. 

Each member in the structure, including the bracing system, is assumed to have an 
initial sine-shaped deformed profile, z = ag sin(ax/€), as shown in Figure 9.5, where 
do is the maximum deviation from straightness at mid-length of the members as well as 
the bracing system. Where n members are to be braced and each member is subjected 
to a compression force Ng, assuming that all members contribute to the loading to 
be taken by the bracing system, the total compression load will be nN4q. Taking the 
deflection of the bracing system under this load to be z; at mid-length, the bending 
moment along the system will also be a sinusoidal function and the maximum value 
will be nN q(do + Z1). 

As has been shown by Timoshenko and Gere [2], the above problem can alternatively 
be analysed by replacing the effect of the initial deviation from straightness on the 
deflection behaviour of the bracing system by the effect of an equivalent lateral load 
acting on the bracing system when in an initially straight condition, such that the 
bending moment diagram in each case will be the same. As the equivalent lateral load 
must also be a sine function, it can be expressed as: 


q = qasin (=) (9.8) 
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Fig. 9.5. Bracing system for a series of compression or bending members. 


where qq is the maximum value of the equivalent lateral load per unit length on the 


system. 
"Under the effect of g the additional lateral deflection of the bracing system, Z, will 
be: 
Ct . fmx 
tq = dd ART sin (=) (9.9) 
and the deflection at mid-span will be: 
e4 
21 4d AE] 


The maximum bending moment due to the equivalent lateral load will be ga? /z* and 
equating this to the maximum bending moment in the axially loaded bracing system: 


02 
WM = nNalao + 21) (9.10) 


m2 
Although the additional deflection z; is a function of qa, if it is restricted to a small 
enough value that its effect can be considered to be negligible, equation (9.10) reduces 
to: 


2 


Tv 
dd = a tNaao (9.11) 


Equation (9.11) gives the value to be used in equation (9.8) for the maximum lat- 
eral load per unit length acting on the bracing system at mid-length. Because of the 


Design of Stability Bracing, Floor and Wall Diaphragms 347 


approximation used in the derivation of equation (9.11) the lateral force on the brac- 
ing system will be underestimated. However, as it can also be argued that all of the 
compression members in the system are unlikely to have the maximum value of initial 
out of straightness permitted in ECS, the lateral loading will be reduced, offsetting the 
effect of the underestimate. 

In ECS, qq is referred to as the internal stability load per unit length and is applied 
as a uniform load along the full length of the bracing system. It is obtained from EC5, 
equation (9.37), incorporating a modification factor k¢3, which can be considered to 
relate to function (x? /£)ao in equation (9.11), as well as an additional factor kg: 


da = ke —— (ECS, equation (9.37)) (9.12) 
where: 


© gq is the uniformly distributed internal stability load per unit length to be imposed 
on the bracing system. 

¢ nis the number of compression or bending members to be supported by the system. 

e Nqis the mean design compressive force in each compression or bending member. 
Where the members are rectangular beams subjected to bending moment, equation 
(9.1) will apply. 

e k, isa factor that adjusts the out of tolerance allowance for members greater than 
15 m long and is equal to: 


1 
min 5 
to 


¢ k¢3 is amodification factor and, as required by NA.2.10 of the UKNA to ECS, will 
be: 
50 — when compression or bending members are spaced at <600 mm c/c, 
40 — when compression of bending members are spaced at >600 mm c/c. 


e ¢ is the span of the bracing system. 


Where compression or bending members form part of the bracing system, for ex- 
ample as shown in Figure 9.5, these members will be subjected to additional axial 
forces, Np, arising from the effect of the lateral loading on the bracing system. For the 
loading configuration shown, the mean design compression force in the bracing system 
members will be adjusted as indicated. 

Depending on the number and location of bracing systems being used to provide 
the lateral stability, the bracing members may be in tension or compression and the 
bracing system must also be designed for the combination of internal and external 
loading that will result in the maximum deflection/stress condition. For the example 
shown in Figure 9.5, where only one bracing system is used and the external load- 
ing is acting in the direction indicated, the loading combination leading to the great- 
est lateral deflection condition will be when the bracing members are functioning in 
tension. 

It is normally more economic to design bracing members to function in tension 
rather than compression, and this can be achieved by providing a bracing system at 


348 Structural Timber Design to Eurocode 5 


Bracing members Depth of bracing 


mates . ay eS po syst a 
Span of 
bracing 
system 

han bracing an bracing ‘ Gable bracing 
system systems system 


Fig. 9.6. Multiple bracing systems for a series of compression or bending members. 


each end of the system of braced members together with internal bracing system(s), if 
required, as shown in Figure 9.6. 

With this type of configuration, the gable bracing systems are designed to support 
external loading in addition to an element of lateral stability loading, and the internal 
bracing system(s) provide support structure designed to enable the attached bracing 
members to function in tension. 

To conform with the assumption used in the theoretical approach that the lateral 
deformation is kept small such that its effect can be ignored, EC5 requires that the 
maximum deflection in a bracing system due to gq combined with any other external 
loading the system has to withstand (e.g. wind loading) does not exceed £/500. 


See Example 9.7.3. 


9.4 FLOOR AND ROOF DIAPHRAGMS 


The design procedure given in EC5 for floor and roof diaphragms is a simplified 
approach to the design of such structures and applies only to diaphragms assembled 
from wood-based panels fixed to a timber-framed structure by mechanical fasteners, 
e.g. nails or screws. 

In deriving the lateral strength of the mechanical fixings at the edges of the panels, 
ECS, 9.2.3.1(2), allows the capacity to be increased by 20% over the value calculated 
in accordance with the procedures described in Chapter 10. 


9.4.1 Limitations on the applicability of the method 


Typical horizontal floor or roof diaphragms are shown in Figure 9.7 using alternative 
arrangements of staggered panels. The structure has a span ¢ (mm) and a width b (mm) 


Design of Stability Bracing, Floor and Wall Diaphragms 349 


Lateral load = Fy Lateral load = Fy 
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edges 
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Fig. 9.7. Loading and supports to horizontal diaphragms. 


and acts as a deep beam between end supports along lines A~A when subjected to 
lateral loading as shown. 

To be able to apply the simplified method given in EC5 the following conditions 
have to apply: 


(a) The span ¢ must lie between 2b and 6b. 

(b) The design condition at the ULS must be by failure of the fasteners and not 
failure of the beams or panels. 

(c) The panels are fixed to their supports. All unsupported edges shall be fixed 
to adjacent panels as defined in EC5, /0.8.1. The fixings shall be screws or 
nails (other than smooth nails) compliant with EN 14592 [5] and the maxi- 
mum spacing along the panel edges shall be 150 mm and 300 mm along the 
supports. 


9.4.2 Simplified design procedure 


The diaphragm must be checked for bending, shear and for the lateral design strength 
of the fixings of the structure to the supporting timber frame along lines A—A. The 
design procedures are given for the condition where there is a design lateral load, 
Fy, along length ¢ of the diaphragm as shown in Figure 9.7 and the diaphragm 
width is b. 


(a) Bending strength (assuming that the edge beams are supported vertically and they 
only have to resist the effects of the lateral loading). 

All of the bending is assumed to be taken by the edge beams and consequently they 
must be continuous or detailed to be able to transfer the tensile/compression loading 
at adjacent sections. For the condition where the edge beam is continuous, has a width 
w (mm) and depth h (mm), the weaker strength will be its tensile strength and the 
condition to be satisfied will be 

Fal 


BMIDE < fiod (9.13) 
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where the symbols are as defined above and: 


* ft.o.a is the design tension strength of the timber or wood-based material in the 
edge beam and will be obtained from: 


Kmoakn ft,0,k 
fod = ———— 
YM 
© Kmoa 18 the modification factor for load duration and service classes as given in 
Table 2.4. 
where: 


e kj, is the size effect modification factor for members under tension, as discussed in 
Chapter 2. It is referred to in Table 2.11 and the largest cross-sectional dimension 
of the member should be used to evaluate the factor. When dealing with LVL, the 
factor is defined as ky, and is associated with member length. 

¢ yw is the partial coefficient for material properties, given in Table 2.6. 

* ft.ox is the characteristic tensile strength of the timber or wood-based product 
parallel to the grain. Strength information for timber and the commonly used 
wood-based structural products is given in Chapter 1. 


(b) Shear strength of the diaphragm along edges A-A. 

All of the shear must be taken by the panel material. The shear stress is assumed to 
be uniform across the width of the diaphragm and where the panel material is t (mm) 
thick, the condition to be satisfied will be: 


Lae a (9.14) 
(bt) — °™ : 


where the symbols are as defined above and: 


¢ where f,.q is the design panel shear strength of the panel material and will be 
obtained from: 
Kmod v,k 
fg = kmeadue 
YM 
¢ f\x is the characteristic panel shear strength of the timber or wood-based product. 
Strength information for timber and the commonly used wood-based structural 
products is given in Chapter 1. 


(c) Lateral strength of the panel to support structure fixings along edges A—A. 

The end reactions in the diaphragm must be transferred to the supporting structure 
by the fasteners which secure the panels to the structure. Where the detailing at each 
end is the same and the fasteners are at a spacing of s (mm) along the length of the 
support, the condition to be satisfied will be: 

Fa 2 Rab 
27 s Kpanel 


(9.15) 


where the functions are as described above and: 


e R, is the design lateral strength of a fastener. 

© Kpanel is 1.0 where adjacent panel edges are nailed or screwed to the same supporting 
batten, or where adjacent panel edges are joined by glued tongue and grooved 
joints, and it is 1.5 where tongued and grooved panel edges are not supported by 
battens and are not glued. 
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(a) Wall diaphragm (b) Racking resistance (c) Overturning 


Fig. 9.8. Wall diaphragm resisting racking loads. 


9.5 THE IN-PLANE RACKING RESISTANCE OF TIMBER WALLS UNDER 
HORIZONTAL AND VERTICAL LOADING 


The stud walls associated with timber-framed buildings are usually sheathed on one 
or both faces with the sheathing securely fixed to the studs, enabling the wall to act as 
a rigid diaphragm. The fixings (e.g. nails) provide the bulk of the racking resistance 
through timber bearing and nail deformation when the lateral external force is applied 
as shown in Figure 9.8b. Horizontal sliding of the wall is resisted by anchorages such as 
nails or bolts along the sole plate sufficient to resist the applied forces. Overturning 
about the bottom corner may also occur (particularly in walls with high aspect ratios) if 
adequate/appropriate holding-down fixings are not provided, as shown in Figure 9.8c. 
In most timber-framed buildings, beams and floors are designed as simply supported 
elements on pin jointed walls and the lateral strength and stability of the structure is 
provided by the use of such diaphragms. 

In timber design, the in-plane lateral resistance of a wall diaphragm is referred to as 
the racking resistance of the wall and examples of some diaphragm walls are shown in 
Figure 9.9. In Figure 9.9c a typical failure resulting from the lack of adequate racking 
strength is illustrated. 

From the initial conceptual analysis, the load paths of the forces through the structure 
to the foundations will be determined and the diaphragms to be designed to provide 
lateral stability and overturning resistance can be identified. 

The racking resistance of a wall can be obtained either by tests or by calculation and 
in ECS, 9.2.4, two simplified calculation methods, Method A (9.2.4.2) and Method B 
(9.2.4.3), are given. Method A has been developed in Europe and Method B is a soft 
conversion of the procedure developed in the United Kingdom for racking strength and 
given in BS 5268 [6]. Although EC5 recommends the use of Method A, NA.2.9 of the 
UKNA to ECS states that Method B should be used. 

The method used in BS 5268 to determine the racking resistance of wall diaphragms 
is based on a permissible stress approach and has been developed taking into account the 
results of racking tests on walls. Unfortunately, in the conversion process to limit state 
methodology, the ECS codifiers have incorrectly interpreted some important factors in 
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(b) Holding-down strap to prevent overturning (c) Lack of adequate racking strength results in 
failure (photo courtesy of APA, The Engineered 
Wood Association) 


Fig. 9.9. Examples of timber shear walls. 


the UK procedure [7] and the method will not give an accurate result. Recognising the 
deficiencies in the methodology and also that neither Method A nor Method B (even 
when correctly converted from the UK methodology) fully covers all design issues, 
these methods are to be replaced in EC5 by a unified method. Among other things, the 
proposed unified method will effectively include for the effect of openings and also 
take into account the contribution from the use of plasterboard when determining the 
racking strength. 

In the following section, Method B as defined in ECS has been used to calculate the 
racking resistance of the wall. For the reason given above, the value obtained will not 
be an accurate assessment of the racking resistance, however, as the unified method is 
likely to adopt a similar approach to that used in Method B, it has been given to show 
how the method is applied. 


9.5.1 The in-plane racking resistance of timber walls using Method B in EC5 


As defined in ECS, a wall assembly can comprise one or more walls with each wall 
able to be formed from one or more panels as shown in Figure 9.10. The panels must, 
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(9) 


(8) 


b “tot (3) ———-5 
<—— (4) ——_5 (5) (6) —> 


<—______ 

Key: 

(1) Wall panel 1; (2) Wall panel 2; (3) Wall panel 3; (4) Wall 1; 
(5) Wall 2 (6) Wall 3; (7) Wall asse mbly; (8) Sheet; 


(9) Head binder; (10) Window; = (11) Door 


Fig. 9.10. A wall assembly comprising several wall panels. 


however, be made from sheets of wood-based panel products compliant with EN 13986 
[8] and, in the case of LVL panels, with EN 14279 [9]. Softboards complying with 
the requirements of EN 622-4 [10] can be used for wind bracing but, as required by 
ECS, 3.5, the strength must be verified by testing. Although plasterboard can be used 
to provide racking resistance in walls designed in accordance with BS 5268, in EC5, 
Method B, it is not acceptable to include any contribution from the use of this material. 

A panel can only contribute to the in-plane strength of a wall when its width is at least 
the panel height divided by 4. For example, in the case of wall panel 1 in Figure 9.10, 
h/b must be <4. The fasteners between the sheathing and the timber frame must be 
either nails or screws and should be equally spaced around the sheet perimeter. The 
spacing of internal fastenings should not exceed twice the perimeter fastener spacing. 

When an opening is formed in a panel, the lengths of panel on each side of the 
opening should be considered as separate panels. And where panels are combined to 
form a wall: 


(a) the tops of the panels must be linked across the joint by a member or by the 
structure, 

(b) the vertical connection strength to be provided between adjacent panels should 
be evaluated and be at least 2.5 kN/m, and 

(c) the wall must be able to resist overturning and sliding forces by either anchorage 
to the supporting structure or from permanent actions applied to the wall or from 
a combination of both. 


The design procedure is outlined below. 


Consider a typical layout for wall i as shown in Figure 9.11. 
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Fig. 9.11. Layout of a typical wall (wall 7) and its associated actions and reactions. 


The racking strength Fj) pq of wall i is the lateral withstand capability of the wall 
and can be considered to be equivalent to the maximum resistance force the wall will 
be capable of sustaining at its top as shown in Figure 9.11. The risk of the wall sheets 
buckling under load can be ignored provided equation (9.33) in ECS is complied with, 


1.€.: 


Pret 
t 


< 100 (ECS, equation (9.33)) (9.16) 


where Dnet is the clear distance between the vertical members of the timber framing of 


the wall, and f is the thickness of the sheathing material. 


For a wall assembly made up from n walls, the design racking resistance of the 


assembly will be: 


Fura =>. Fivra (ECS, equation (9.24)) (9.17) 
i=l 


The design condition to be met is: 
Fy ra = Fy ga 


where Fy gq is the horizontal design force on the wall assembly. 


The design racking strength, F; pq of wall i is obtained from equation (9.25) in 


ECS as follows: 
Fr Rabi 


Fivra = —, _kakigkskn (ECS, equation (9.25)) (9.18) 
0 
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where: 


Fra is the design capacity of an individual fastener in lateral shear. 
b; is the length of the wall (in metres). 
So is the fastener spacing as calculated by equation (9.26) in ECS and: 


__ 9700d 

Pk 
where, for dimensional accuracy, the diameter of the fastener, d, must be in metres, 
the characteristic density of the wall framing timber p, is in kg/m? so that the 
spacing so will be in metres. This ensures that in function Fyrqb;/so the same 
units are used for b; and so. 
kq is the dimension factor of the wall and is a variable function of its aspect ratio. 
It is obtained from equation (9.27) in ECS as follows: 


b; b; 
— when — 
h 


SO 


1.0 


IA 


0.4 - 
ka = 7) when 7 >1.0 and b <4.8m 


4:3\%* bi 
— when 7 >1.0 and b >4.8m 


(ECS, equation (9.27)) (9.19) 


where h is the height of the wall in metres. 

k;,q is called the uniformly distributed load factor and is obtained from ECS, 
equation (9.28). It is a function of the vertical loading on the wall, increasing the 
wall strength as the loading increases and equals unity when there is no vertical 
loading. It is derived from: 


9.4\04 
kig = 1+ (0.0834; — 0.00084?) (=) (ECS, equation (9.28)) 


(9.20) 


where gq; is the equivalent uniformly distributed vertical loading acting on the 
wall (in KN/m) with g; > 0 and is obtained using only permanent actions and any 
net wind effects together with any equivalent actions arising from concentrated 
forces, including anchorages, acting on the wall. Concentrated forces are converted 
to equivalent uniformly distributed loading by assuming that the wall is rigid, 
in which case, for the concentrated load F;,vertzq Shown as acting on the wall 
in Figure 9.11, the equivalent uniformly distributed load, q; (as given in ECS, 
equation (9.31)), will be: 


2a F; ,vert,Ed 2 
Gi = gE (ECS, equation (9.31)) (9.21) 
k, is the fastener spacing factor and is a function of the spacing used around the 
perimeter of the sheets and the basic fastener spacing, sg. It is obtained from 
equation (9.29) in ECS as follows: 


1 


= 0 86(s/sn) +057 ECS, tion (9.29)) (9.22 
0.86(s/s0) 0.57 (ECS, equation (9.29)) (9.22) 


Ss 
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where s is the spacing of the fasteners around the perimeter of the sheets and s 
and sg are in the same units. The maximum spacing permitted is 150 (mm) for 
nails and 200 (mm) for screws. 

k, is the sheathing material factor and where different materials are used on the 
opposite faces only 50% of the strength of the weaker panel is allowed to be used. 
The factor is defined in equation (9.30) in ECS as follows: 

For sheathing on one side, 


ky, = 1.0 (9.23a) 
For sheathing on both sides, 


Fiy.Rd,max + 0.5 Fi.v.Rd,min 


ky = 
Fiy.Rd,max 


(9.23b) 


where Fj y.Rdmax is the design racking strength of the stronger sheathing, and 
F;.y.Rd.min iS the design racking strength of the weaker sheathing. 


The racking resistance is also dependent on ensuring that the wall is secured to 
the adjacent structure. An example is shown in Figure 9.11 where the wall/structure 
connection must be able to transfer a horizontal shear force of Fj,y.zq at the base 
and also the rigid body overturning compression force, F;,<.zq, and tensile force, 
F; Ed: 

The rigid body overturning forces on the wall are derived from simple statics and 
are given in ECS, equation (9.32): 


Fiy nah 


5 (ECS, equation (9.32)) (9.24) 


Ficnd = Fitza = 


where the terms are as previously defined. The net force at the connection points must 
also take into account the effect of the reaction force due to the vertical loading on the 
panel. 

Where the wall comprises more than one wall panel, the panels must be able to 
transfer the minimum of the vertical shear force in the wall at the panel junction or a 
design force of at least 2.5 kN/m. For the example shown in Figure 9.11, the vertical 
shear force, F'1l;a, between wall panel a and wall panel b to be taken by fixings 
between these panels will be: 


Fljza = Fiza — F2i,qua + gibv (9.25) 


where the functions are as previously defined and F'l;.gzq and F'2; 4.4 are the reactions 
at the corner wall/structure connection positions due to the vertical loading on the wall. 
For the vertical loading condition shown in Figure 9.11: 


gibi Fivert,za(bi — @) 
Pits ye 
i,q,E 5) b; 


— gibi Fiven.pad 
2 b; 


(9.26a) 


(9.26b) 
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When the lateral loading on the wall is acting in the opposite direction to that shown 
in Figure (9.11), although the corner reaction forces due to the vertical loading on the 
wall remain unaltered, the direction of the rigid body overturning forces will reverse. 
For this condition the vertical connection shear force, F2; Ga, to be taken by fixings 
between wall panel a and wall panel b will be: 


F2i na = Fiza + F2),q.ca — Gibo (9.27) 


Where F'l; ¢q and F2; 74 are in KN, the design condition for the vertical shear force at 
the junction of the panels in KN units will be: 


Fiza = max(F'1;5a, F2i Fa, 2.5 x h)kN (9.28) 


where h is the height of the wall in metres. 

The vertical wall studs must also be designed for the axial forces in the wall in 
accordance with the requirements of Chapter 5 and where they bear onto horizontal 
members, compression stresses perpendicular to the grain must also be verified as 
described in Chapter 4. 


See Example 9.7.4. 
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9.7 EXAMPLES 


As stated in 4.3, to be able to verify the ultimate and serviceability limit states, each 
design effect has to be checked and for each effect the largest value caused by the 
relevant combination of actions must be used. 

However, to ensure attention is primarily focussed on the ECS design rules for the 
timber or wood product being used, only the design load case producing the largest 
design effect has generally been given or evaluated in the following examples. 


Example 9.7.1 To enable a solid timber column 6 m long to withstand a design axial com- 
pression load of 100 kN, it is laterally braced about its weaker axis at mid-height as shown in 
Figure E9.7.1. What is the minimum stiffness to be provided by the bracing member and also 
the stabilising force in the member? 


Column 


Bracing member 


ae 


Fig. E9.7.1. 


1. Geometric properties 
Column: 
Length of the column, L L=6m 


Bay length for bracing analysis, a a= 
(Figure 9.3b (ECS, Figure 9.9)) 


2. Actions 
Column — ultimate limit state (ULS) 
Design axial load on the column, Ng Na = 100kN 


3. Modification factors 
Modification factor for bracing stiffness, k, 
(equation (9.4) (UKNA to ECS, Table NA.6)) k; =4 


Modification factor, ke. 
(equation (9.6a) (UKNA to ECS, Table NA.6)) ke; = 60 


4. Stiffness of the bracing member 
Minimum stiffness to be provided by the Na 
bracing member, C C= C = 133.33 N/émm 
(equation (9.4); EC5, equation (9.34)) 


5. Stabilising force in the bracing member 
Stabilising axial force to be provided by the Na 
bracing member, Fy ae Fa = 1.67kN 
(equation (9.6a); ECS, equation (9.35)) 
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Example 9.7.2, A 50 mm wide by 300 mm deep sawn timber beam is laterally braced against 
lateral torsional buckling at the positions shown in Figure E.9.7.2. The beam supports a char- 
acteristic permanent action of 2.25 kN and a characteristic variable medium-duration action 
of 3.35 KN at mid-span and has an effective span of 3.9 m. It is of strength class C22 to BS 
EN 338:2003 and functions in service class 2 conditions. The bracing members are 38 mm by 
100 mm deep, 1.8 m long, of strength class C16 to BS EN 338:2003 and pin jointed at each 
end. 


Carry out a design check to confirm that the bracing members will meet the requirements 
of EC5, assuming that the axial stiffness of each end connection on each bracing member is 
equivalent to 50% of the axial stiffness of the member. 


oe m between c/c of SUnpOS 


jei3m , 13m 13m 


< 


s c = + 
— = 


18m 300 mm ei 
J Rae oo 
Plan Section A-A 
Fig. E9.7.2. 
1. Geometric properties 
Beam: 
Breadth of the beam, b b=50mm 
Depth of the beam, h h = 300mm 
Beam span, L, L,;=3.9m 
Bay length for the bracing analysis, a Ly 
(Figure 9.3b (ECS, Figure 9.9)) a= 3 
Bracing member: 
Breadth of each bracing member, by, by = 38mm 
Depth of each bracing member, hy hy = 100mm 
Effective length of each bracing £, = 1800mm 
member, 
Section modulus of each bracing by - he 4 , 
member about the y—y axis, Wb, Why = 6 Wby = 6.33 x 10°mm 
Second moment of area of each hy - b3 
bracing member about the z—z Ib, = D b Ib, = 4.57 x 10° mm4 
axis, Ib, 


ib, = 10.97mm 


Radius of gyration of each bracing Ib. 
member about the z—z axis, ib, ib, = 3 
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Slenderness ratio of each bracing Ab, = b, Ab, = 164.09 
member about the z—z axis, Ab, 1% 
dy: hy 6 4 
Second moment of area of each Ib, = Ib, = 3.17 x 10°mm 
baa : 12 
racing member about the y—y 
axis, I by 
: : ’ Iby ; 
Radius of gyration of each bracing iby = , h iby = 28.87 mm 
member about the y—y axis, iby Beeb 
L 
Slenderness ratio of each bracing Aby = ae Aby = 62.35 
i 


member about the y—y axis, Aby 


2. Timber properties 
Table 1.3 (BS EN 338:2003, Table 1) 
For the main beam — C22: 
Characteristic bending strength, fn.x tmk = 22N, /mm? 


Fifth-percentile modulus of elasticity Eos = 6.7 kKN/mm? 
parallel to grain, Eo,.5 


Mean density of the beam timber, ,, Pm = 410 kg/m? 


For each bracing member — C16: 
Characteristic bending strength, fbmx fbmx = 16 N/mm? 


Characteristic compressive strength, fbcox = 17 N/mm? 
Sbc.0,k 


Fifth-percentile modulus of elasticity Eboos = 5.4kN/mm? 
parallel to the grain, E'bo 05 


Mean modulus of elasticity parallel Ebomean = 8 KN/mm? 
to the grain, E'-bo. mean 


Mean density of each bracing pbm = 370 kg/m? 
member, pb, 


3. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B))) for the ULS 


Permanent actions, yg Ye = 1.35 

Variable actions, yg yo = 155 
Table 2.6 (UKNA to ECS, Table NA.3) 

Material factor for solid timber, yyy yu = 1.3 


4. Actions 


Beam: 
Self-weight of the beam, w w=b-h-g- fm w = 0.06kN/m 
Design action from the self-weight of Wa =yco-w Wa = 0.08 kN/m 
the beam, Wy 


Characteristic permanent action from Gy = 2.25kN 
the point load, G_ 


Characteristic variable (imposed) QO, = 3.35kN 
action from the point load, Ox 
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Design action from the point load, Fy = yg-Gx + yo- Ox Fy = 8.06 x 10°N 
Fa 

(Table 2.8, equation (c) using the 

unfavourable condition variable 


action) 
Bracing members: 
Self-weight of each bracing wb = by - hy: g- pbm wb = 0.01 kN/m 
member, wb 
Design action from the self- Wha = Yo - wb Whg = 0.02kN/m 


weight of each bracing 
member, Wbg 


5. Modification factors 
Factor for medium-duration loading Kmod.med = 0.8 
and service class 2, kmod,med 
(Table 2.4 (ECS, Table 3.1)) 


Factors for the beam: 

Size factor for the beam, ky ky = 1.0 

(Table 2.11 (ECS, 3.2)) 

Lateral stability of the beam, Kgyit 

(4.5.1.2 (ECS, 6.3.3)) 
Effective length of the unbraced 
beam, Ler Le =0.8-L;+2-h Le = 3.72m 
(Table 4.2 (ECS, Table 6.1)) 


Critical bending stress, Om,crit 


; 0.78 - b? > 
(equation (4.9); ECS, Omerit = t—— : Eos = Omerit = 11.71 N/mm 
equation (6.32)) he Leg 
Relative slenderness for Ink 
bending, Arelm (equation (4.10); AreLm = Om.crit Arem = 1.37 
ECS, equation (6.30)) 

Lateral stability factor, Kerit 
(Table 4.3 (ECS, 
equation (6.34))) 
Kerit =|1 if Arel.m < 0.75 
a —0.75-dArem if 0.75 < Aretm < 1.4 korn = 0.53 
otherwise 
Arelm? 


Factors for each bracing member: 
Size factor for a bracing 


ber Ei : 150mm)\°” 
member, kb; kby = min , 1.3 kb, = 1.08 


(Table 2.11 (EC5, 3.2)) hy 


Lateral stability of each bracing member, kDerit 

(4.5.1.2 (ECS, 6.3.3)) 
Effective length of bracing Lby = 0.9 - Ly Lby = 1.62m 
member, €by 
(Table 4.2 (ECS, Table 6.1)) 
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Critical bending stress, oDm.crit 


(equation (4.9a); ECS, Js 0.78 - be 
equation (6.32)) ODmerit = hy - €by Ebdo.os 
OD merit = 37.54 N/mm? 
Relative slenderness for bending, 
ADrel.m _ Somx = 
(equation (4.10); EC5, AProl.m = oDmcrit ADrelim = 0.65 
equation (6.30)) 
Lateral stability factor for each bracing member, kDerit 
(Table 4.2 (EC5, equation (6.34))) 
kDcxit =]1 if ADrel.m < 0.75 
1.56 —0.75-ADrem if 0.75 < ADpetm < 1.4 
1 KDerit =1 
——— otherwise 
AD ret 
As kbeit = 1, lateral 
torsional buckling 
is not relevant 
Modification factor for bracing ke =4 


stiffness, ks 
(equation (9.4) (UKNA to EC5, 
Table NA.6)) 


Modification factor, k¢.1 ke, = 60 
(equation (9.6a) (UKNA to EC5, 
Table NA.6)) 


Load sharing factor, ky; is not Kys = 1 
relevant 


Redistribution factor for a solid Km = 0.7 
timber rectangular section, km 
(4.5.1.1 (ECS, 6.1.6(2))) 


6. Stiffness of each bracing member 
The critical design load case at the ULS will be due to the combination of permanent 
and unfavourable medium-duration variable action: 


Design bending moment in the main 


beam, Ma 
Fy-L, | Wa: Li Wha & Li 

Ma= : Mga = 8.04kN 

> =a 8 = 3 d os 
The mean design stabilising force in My 
each bracing member, Ng Na = (1 — Kerit) - R Nq = 1.25 x 10* 
(equation (9.1); ECS, equation (9.36)) 
Minimum stiffness of each bracing Na 
member, C C=k,-— C = 38.59kN/m 
(equation (9.4); ECS, equation (9.34)) . 

kc th : by - hy - Ebo.os 4 
Axial stiffness of each bracing Cy, = 7 C, = 1.14 x 10° kN/m 
b 


member, C,(= AE/L) 
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1 
Axial stiffness of each bracing member Car = TT 


lus connections, Ca¢ —+ 
; CG, 0500; 
Actual stiffness exceeds minimum stiffness; 
therefore bracing stiffness is OK 


Cap = 2.28 x 107 KN/m 


7. Strength of each bracing member 
Design each bracing member as a strut subjected to bending due to its self-weight: 
Design bending moment in each Wha - &2 
bracing member about the y—y Mb, = ea a 
axis, Mbg 8 
Mbg 
Wb, 


Mbg=7.54x 10-7 kNm 


Design bending stress about the Obma = 
y—-y axis, Obma 


obm.a = 0.12 N/mm? 


Design bending strength about 
the y—y axis, foma 


kmod.med : Keys ¥ KDerit y kbp : fbmk 
YM 


Compression strength of bracing member 
Design stabilising force in each 
bracing member, Nba 
(equation (9.6a); ECS, Nba = — Nbg = 209.04N 
equation (9.35)) 


Design compression stress in Obeo.4 = —— ob.oq = 0.06Nm 
each bracing member, ob¢.9.4 


fPma = 


fbma = 10.68 N/mm? 


Design compressive strength of 
each bracing member, fb..0.4 
Kmod.med . Keys “ focox 


fbc0.4 = , fbcoa = 10.46N mm 
M 


Buckling resistance condition 
(5.3.1 (ECS, 6.3.2)) 


Relative slenderness of each bracing dbz focox 

member about the z—z axis, ADyel.z Pret. = ae Eboos 

(equation (5.3); ECS, : Mii =293 

equation (6.22)) - 

Factor f, for solid timber Be = 0.2 

(equation (5.6); ECS, 

equation (6.29)) 

Instability factor, kb, kb, =0.5- [1 + Bo + (AByel.z — 0.3) + ND ret.27] 

(equation (5.5b); ECS, 

equation (6.28)) kb, = 5.06 

Instability factor about the z—z axis 

of each bracing member, kb,.; 1 

(equation (5.4b); EC5, Kbez = 

equation (6.26)) kb, + kb? — Mraz 
kb. = 0.11 
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Relative slenderness of each 
bracing member about the y—y 


axis, ADrel_y 
(equation (5.3); ECS, NDrel.y = Aby ; feo Abret.y = 1.11 
equation (6.21)) ° Ebo.os : 


Instability factor, kb, 


equation (6.27)) , | Be- APrety = rly] : , 
Instability factor about the y—y 

axis of each bracing member, 1 

kbe.y (equation (5.4a); ECS, kKbey = 


equation (6.25)) kby + V kb; = Abe 


As lateral torsional buckling does not occur, the combined stress conditions 
to be met will be 5.21, 5.22 and 5.23 (EC5, equations (6.23), (6.24) and 
(6.35)): 


kboy = 0.61 


be bin 
00¢.0.d O0md — 0.02 
kbey . focoa toma 
be kn . Dn. 
OD¢.0.d oO d — 0.06 


kbez . fobco.d foma 


bma _\ be 
( obind ) + — obe0d 9.95 
KDerit ’ toma kbe.z : tocoa 


All less than 1; therefore OK 


The 38 mm by 100 mm sawn section timber in strength class C16 is satisfactory for 
the bracing members. 


Example 9.7.6 The roof structure of a timber educational building 52 m long, 19.2 m wide 
and 10 m high is shown in Figure E.9.7.3. It comprises homogeneous glued-laminated beams, 
class GL 28 h in accordance with EN 1194:1999. The beams are 1200 mm deep by 155 mm 
wide, spaced at 4 m centre to centre and function under service class 2 conditions. The bracing 
structure is shown in Figure E.9.7.3 and is to be designed on the basis that horizontal bracing 
members will function as ties. 


Trussed bracing 
S 


A ystems . —- ue Gable truss 
pi - : also at 


| other gable 
19.2 
ere Horizontal 
bracing 
members 


Fig. E9.7.3. 
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Determine the lateral force to be taken by the bracing truss at each gable end from the roof 
bracing members. 


The vertical loading on the structure is: 

Characteristic permanent loading 4.2 KN/m along the direction of each beam 

Characteristic variable loading 5.0 KN/m along the direction of each beam — 
(medium-term action) 


1. Roof beam geometric properties 


Breadth of each beam, b b= 155mm 
Depth of each beam, h h = 1200mm 
Beam spacing, J, J, = 4000 mm 
Span of each beam, ¢ £ = 19200 mm 
Length of the building, Ly Ly = 52m 
Number of beams contributing to the 
loading, n (each end beam only Ty 
contributing 50% of internal beam WS Fe +1 n= 14 
loading) 
Number of bays in the beam span, n; nj =8 
i £ 
Laterally restrained length of the ipa ee 
beam, £, ny 
Section modulus of the beam about the b-h2 
y-y axis, W, Wy = r W, = 3.72 x 10’ mm? 


2. Glulam strength properties 


Table 6.2 (BS EN 1194:1999, Table I — GL 28h) 


Characteristic bending strength, fn.ek 


Fifth-percentile modulus of elasticity 
parallel to the grain, Eo,¢.05 


Fifth-percentile shear modulus 
(Go.g.os = Eo.g.mean/16), Go.g.os 


3. Partial safety factors 


fingk = 28 N/mm? 
Eo.g.0s = 10.2kN/mm? 


Eo.¢.05 


ie Go.g.05 = 0.64 kKN/mm? 


Go..05 = 


Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B))) for the ULS 


Permanent actions, yg Vg = 1.35 
Variable actions, yg yg =15 

4. Actions 
Total characteristic permanent action, Gy = 4.2kN/m 
Gy 
Total characteristic variable (imposed) Q, = 5.0kN/m 


action, Ox 


Design action, Fy 

(Table 2.8, equation (c) using the 
unfavourable condition variable 
action) 


Fa=yvo-Get+yo- Ox 


Fg = 13.17kN/m 
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5. Modification factors 
Factor for medium-duration loading Kmod.med = 0.8 
and service class 2, Kmod.med 
(Table 2.4 (ECS, Table 3.1)) 


Size factor — beam depth greater than ky, = 1.0 
600 mm, ky, 
(Table 2.11 (EC5, 3.3)) 


Lateral stability of the beam, Kit 

(4.5.1.2 (ECS, 6.3.3)) 
Effective length of each beam, €e¢ ep =0.9-€4+2-h Lee = 19.68 m 
(Table 4.2 (ECS, Table 6.1)) 


Critical bending moment, Merit 
(equation (4.7b)) 


b 0.5 
| Foes ‘ Go.¢.05 s (1 — 0.63 - 7) | 
h- 


Mori = mb? : 
; 6 Let 


Merit = 290.58 kNm 


Critical bending stress, Om crit 

(equation (4.7c); ECS, Merit Omerit= 7.81 N/mm? 
equation (6.31)) Wy 

Relative slenderness for 

bending, Arel.m 

(equation (4.10); ECS, Reet = | Le jk = 189 
equation (6.30)) Om.crit 


Lateral stability factor, Kerit 
(Table 4.3 (ECS, equation (6.34))) 


Ket = | 1 if Aretm < 0.75 


1.56 —0.75 + Aretm if 0.75 < Arm < 1.4 
= otherwise 
rel.m kes — 0.28 
Modification factor for bracing k,=4 
stiffness, k, 
(equation (9.4) (UKNA to EC5, 
Table NA.6)) 


Modification factor, kp ka = 100 
(equation (9.6b) (UKNA to ECS, 
Table NA.6)) 


Modification factor, k¢ 3 kp3 = 40 
(equation (9.12) (UKNA to ECS, 
Table NA.6)) 


Modification factor, k, 


(equation (9.12); ECS, ; 15-m\®° 
equation (9.38)) ke = min} 1, | —— ke = 0.88 
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6. Bracing Actions 
The critical design load case at the ULS will be due to the combination of permanent 
and unfavourable medium-duration variable action: 


Design bending moment in each glulam F,-2 

beam, My Mag = ee Mg = 606.87 kN m 
Compression force in the glulam beam, My 

Na Na = ad = Kerit) . he Na = 3.65 x 10°N 


(equation (9.1); EC5, equation (9.36)) 
Design requirements for the bracing trusses: 


The gable trusses are to be designed to allow the bracing to function as tension members 
and the bracing force applied at the gable member in each truss will be taken by the 
associated bracing truss. 
Internal stability load per unit length 
on member A-A, qq (n — 1.5)- Na 
(equation (9.12); ECS, qa = ke ke3- 
equation (9.37)) 


Design load on member A—A from Fag = 4a°&c Fag = 12.59kN 
each bracing member, Fag 


ga = 5.25kKN/m 


Internal stability load per unit length 
on each gable member, gg; (equation 
9.12); EC5, equation (9.37 (0.5) - Na 
ae the Gace Hees ae alsg 2 tal ee ark qr DALE Na 
to resist external loading, this will 7 
also have to be taken into account on 
this member.) 
_ Gata) 


N, = 6.28 x 104N 
8- J; 


Additional force in member A-A andthe WN, 
adjacent gable member at mid-span aris- 


ing from the bracing system loading, Np 


Example 9.7.7 The lateral resistance of a timber structure is to be provided by timber stud 
walls faced on the outer side with 9 mm thick oriented strand board (OSB) to BS EN 12369- 
1:2001 and on the inner face with plasterboard. The wall is 2.4 m high and the ground floor 
wall assembly with its associated characteristic permanent vertical loading (including the self- 
weight of the wall) is shown in Figure E9.7.4. The environment in the building is equivalent 
to service class 2 conditions. 


a) Calculate the design resistance of the wall assembly to wind loading and the anchorage 
forces to be provided by each wall. 

b) What is the racking resistance of wall | if the uniformly distributed loading along the 
top of the wall is replaced by a characteristic permanent point load at mid-length with a 
design value of 22.8 kN? 


The studs are 47 mm wide by 100 mm deep, strength class C16 timber to BS EN 338:2003; 
the lateral design capacity of each 3 mm diameter round nail fixing used for the OSB to 
the studding is 397 N; the perimeter spacing of each fixing is 50 mm c/c with the fixings to 
intermediate studs at 100 mm c/c; 3 mm diameter round nail connectors are used to connect 
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the end studs of each adjacent wall panel and these have a design capacity of 440 N. The plates 
at the top and bottom of the studs are 100 mm wide by 50 mm deep strength class C16 timber. 
Each wall is made from three wall panels and the wall assembly comprises wall | and wall 


2: 
M-4.5KN/m head binder 
Fee VY YY Yyyryryy eee y 
Wad. ee se |S ee 
2.4m panel | ‘wall janel ! 
Vee er Eel ee Bel es, A ved = \ emer  B ef ee one Se ee! Fyn) 
Pia Fis tev » 
le 1250mm I. a c,Ed Ed e le 1250mm | 1250mm c.Ed 
wall 1 le 1250mm sle wall 2 5 
Elevation of gable wall 
Fig. E9.7.4. 
1. Geometric properties 
Width of each stud, b b=47mm 
Depth of each stud, h h = 100mm 
Wall height, hp hy = 2.40m 
Lateral spacing of each stud, Sstuq Sstud = 600 mm 
Wall panel width, P,, Py = 1.250m 
Wall panel ratio must be less than 4, r _ uy eee, ie. OK 
9.5.1, (ECS, 9.2.4.3.1(2)) Py 
Wall length (wall 1 or wall 2), by bp = 3- Py by = 3.75m 


Thickness of OSB, fosz 
Fastener diameter, dy 


Fastener spacing, s 


2. Timber and nail properties 


toss = 9.0mm 
d, = 3mm 


s =50mm 


Table 1.3, C16 (BS EN 338:2003, Table 1) 


Characteristic density of the timber 
frame in the wall panels, px 


Design strength of fixing between the 
OSB sheathing and the timber frame, 
Ferd 


3. Partial safety factors 


Px = 310kg/m? 


Fera = 397N 


Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B))) for the ULS 


Permanent actions, yg 
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4. Actions 
Characteristic permanent uniformly 
distributed vertical load on the wall, gx 


Design value of the permanent 
uniformly distributed vertical load on 
wall, ga 


5. Modification factors 
Basic fastener spacing, so 
(equation (9.18) (EC5, 9.2.4.3.2(4))) 


Panel dimension factor, kg 
(equation (9.19); ECS, equation 
(9.27)) 


Uniformly distributed load factor for 
the wall, kg 

(equation (9.20); ECS, equation 
(9.28)) 


ka = 1+ | 0.083 ™ — 0.0008 ; 
q= +o. ta ae Y ‘(qa 


Fastener spacing factor, k, 
(equation (9.22); ECS, 
equation (9.29)) 


Sheathing material factor — equivalent 
to one side of sheathing, k, 

(equation (9.23a); ECS, 

equation (9.30)) 


Racking resistance of wall 1, Fiy.ra 
(equation (9.18); ECS, equation 
(9.25)) 


Racking resistance of wall 2, Fry ra 


Racking resistance of wall assembly, 
F, ra (equation (9.17); ECS, equation 
(9.24)) 


dx = 4.5kN/m 
qa = YG * 4k da = 6.08 kKN/m 
9700 - kgm™? - dy 
so = ah tier eee So = 0.09 m 
Pk 
NB: Units must be in metres 
0.4 
bp : 
ka = (3) if by <4.8m 
hp 
(** me 
otherwise 
hy 
b b 
ke=|— if 2 <1.0 
hy hy 
kg otherwise 
ky = 1.2 


. Racking resistance of the wall assembly 


1 

k, = ——_,——— k, = 0.97 
0.86 - — + 0.57 
SO 
k, = 1.0 
-b 

Bg i ae ak 

SO 


Fivrd = 2.58 x 10 
Foyra = Fiy.ra 


Fyra = Fiv.ra + Foyra 


Fy, ra = 5.15 x 10*N 
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Lateral shear force required at wall 1 
and at wall 2 anchorage points 


Vertical anchorage required at the 
corner of wall 1 and wall 2 due to the 
overturning force, Fiza 

(equation (9.24); ECS, 

equation (9.32)) 


and 


Vertical force at each anchorage due to 
the uniformaly distributed load (udl) on 
each wall, Fla 


Maximum vertical connection force in 
tension to be taken at each wall corner 
anchorage position, Fly 


Maximum vertical connection force to 
be taken between adjacent wall panels 
in wall 1, F, 


Connector strength per metre height of 
wall panel, Fin. 


As the force per metre height of the 
wall exceeds the minimum requirement 
of 2.5 KN/m, design for Fy, = Fin. 
(9.5.1 (ECS, 9.2.4.3.1(4))) 


Design strength of each connector 
between adjacent wall panels, Fy.ra 


Number of connectors required in the 
wall height to connect each wall panel 
m / FE v.Rd: 


Connector spacing between adjacent 
wall panels, S, 


ny = 


Adopt a connector spacing between 
adjacent wall panels of 


. Buckling strength of the sheathing 
Thickness of the OSB, tosz 


Clear distance between the vertical stud 
members of the timber frame, Dnet 


Buckling ratio 
(equation (9.16); ECS, 
equation (9.33)) 


Fy Ra 
Fy ga = 5 
Fivrach 
Fiza = . P 
bp 
Fora = Fura 
dab 
Flqea = P 


Fly = Fiza — Flqgea 


Fy na = 2.58 x 104N 


Fira = 1.65 x 10°N 


Flqna = 1.14 x 104N 


Fl, =5.1x10°N 


2 qa + bp 


Fy = Fiza — Flqea + 3 


F 
Faia = — 
hp 


Fn =| Fmt 


2.5-kNm7! 


Fyra = 440N 


ny, = 47 


Sp = 51.06mm 


Sp = 50mm c/c 


toss = 9mm 


Poet = Ystud — b 


. net 
Ratio = 


tosB 


F, = 2.03 x 10*N 


Fina = 8.45 kN/m 


if Fm <2.5kN/m 


otherwise 


Fyn = 8.45 kN/m 
Doet = 553 mm 
Ratio = 61.44 


As the upper limit of the ratio 
is 100 the sheathing is OK 
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8. Racking resistance of wall 1 under the point load at mid-length 


The design value of the point load at F; vertEd = 22.8kKN 
mid-length of wall 1, Fj vertba 


The distance of the point load from the a= Pp a=1.88m 
left end of wall 1, a Z 
é 2-a- Fi vert.Ed 
Equivalent udl on wall 1, g; qi = ge qi = 6.08 kN/m 
(equation (9.21); ECS, P 
equation (9.31)) 


As the equivalent wall loading is the same as the original udl design loading, the 
racking resistance will remain unaltered. 


. Strength of the studs and sole plates 

In addition to the loading arising from the racking resistance of the wall, where the 
walls also function as load bearing stud walls, the studs and plates have to be designed 
to support the combined loading condition using the procedures given in Chapter 5 for 
stud walls. 


Chapter 10 
Design of Metal Dowel Type Connections 


10.1 INTRODUCTION 


10.1.1 


LO.1.1.1 
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It is commonly stated that ‘a structure is a constructed assembly of joints separated 
by members’ [1] and in timber engineering the joint will generally be the critical 
factor in the design of the structure. The strength of the structure will normally be 
determined by the strength of the connections; its stiffness will greatly influence the 
displacement behaviour, and member sizes are often determined by the number and 
physical characteristics of the type of connector being used rather than by the strength 
requirements of the member material. 

The most common form of connector used in timber connections is the mechanical 
type, of which there are two main groups: 


¢ Metal dowel type fasteners — where the load is transferred by dowel action, e.g. 
nails, screws, dowels and bolts, staples, etc.; 

e Bearing-type connectors — where the load is primarily transferred by bearing onto 
the timber near the surface of the member, e.g. punched metal plate, split-ring, 
etc. 


In this chapter, the design of metal dowel type connections subjected to lateral load- 
ing and/or axial loading is considered and bearing-type connectors are covered in 
Chapter 11. Connections subjected to the effect of a moment are addressed in 
Chapter 12. 

The general information in 4.3 is relevant to the content of this chapter. 


Metal dowel type fasteners 


Nails 
Nailing is the most commonly used method for attaching members in timber frame 
construction. Nails are straight slender fasteners, usually pointed and headed, and are 
available in a variety of lengths, cross-sectional shapes and areas. There are many types 
and forms of nails and the one most frequently used is the bright, smooth, steel wire 
type, commonly referred to as a smooth nail. It has a circular cross-sectional area, is 
manufactured from wire having a minimum tensile strength of 600 N/mm”, and in the 
United Kingdom are available in standard sizes ranging from 2.65 to 8 mm in diameter. 
Nails can be plain or enamelled, etched, electroplated, galvanised or polymer coated 
to suit the finish required and the environment within which they are to be used. 
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10.1.1.2 


(a) Smooth round (b) Annular ringed (c) Helical threaded 


Fig. 10.1. Types of nails. 


Nailed connections are simple to form and are suitable for lightly loaded structures 
and where connections are formed from relatively thin members. They are commonly 
used in framing, walls, decks, floors and roofs and in nearly every construction that 
involves light loads and simple elements. 

The performance of a nail, both under lateral and withdrawal loading, may be en- 
hanced by mechanically deforming the nail shank to form annular ringed shank or 
helical threaded shank nails. Such nails provide higher withdrawal resistance than 
plain shank nails of the same size. Other forms of improved nails are obtained by 
grooving or twisting of square cross-sectioned nails. The process of twisting not only 
modifies the nail surface but also work-hardens the steel, increasing its yield strength. 
Alternative types of nails are shown in Figure 10.1. 


Screws 
Wood screws are used in place of nails in applications requiring higher capacities, 
in particular in situations where a greater withdrawal capacity is required. They can 
be used for timber-to-timber joints but are especially suitable for steel-to-timber and 
panel-to-timber joints. 

Screws should always be fixed by being threaded into the timber, not by being 
hammered into position and the characteristic strengths given for screws in EC5 [2] 
are based on this assumption. Where screws are used in softwood connections and 
the smooth shank diameter of the screw is 6 mm or less, pre-drilling is not required. 
Where the diameter is greater than 6 mm in softwood connections and for screws of 
any diameter in hardwood connections, pre-drilling must be used and the following 
requirements stated in 10.4.5 of EC5 will apply: 


e The pre-drilled hole for the shank should have a diameter equal to the shank 
diameter and be of the same depth as the shank length. 

e The pre-drilled hole for the threaded portion of the screw should have a diameter 
of approximately 70% of the shank diameter. 


The most common types of wood screws are the countersunk head, round head and 
coach screw, which are illustrated in Figure 10.2. 
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Shank 
diameter, d 


(a) Countersunk head (b) Round head (c) Coach screws 


Fig. 10.2. Common types of wood screws. 


10.1.1.3 Dowels and bolts 

Dowels are cylindrical rods generally made of steel. They have a smooth or striated 
surface and are available in diameters from 6 mm to under 30 mm. Bolts are threaded 
dowels with hexagonal or semi-spherical heads and hexagonal nuts and range in sizes 
up to 30 mm in diameter. Dowels and bolts are commonly used in connections that 
require a higher lateral load carrying capacity than will be possible from the use of 
nails or screws. Bolts can also be used in axially loaded tension connections but dowels 
cannot. 

Dowels and bolts can be used in two-member connections but the most common 
connection type involves three or more members in a multiple shear arrangement. The 
side members can be either timber or steel. When bolts are used, washers are required 
under the bolt head and under the nut to distribute the loads, and when tightened, a 
minimum of one complete thread on the bolt should protrude from the nut. Typical 
examples of dowels and bolts are illustrated in Figure 10.3. 


(b) Bolts 


Fig. 10.3. Typical dowels and bolts. 
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Table 10.1 Main design requirements for metal dowel type connections 
under lateral or axial loading and the associated EC5 limit states 


Design or displacement effect ECS limit states 
Lateral and/or axial loading strength ULS 
Displacement SLS 


Joints made with dowels are easy to fabricate. They are inserted into pre-drilled 
holes having a diameter not greater than the dowel diameter. With a bolted connection, 
the diameter of the pre-drilled hole in the timber must not be more than | mm greater 
than the bolt diameter. Where steel plates are used in the connection the tolerance on 
the hole diameter in the steel plate (i.e. the difference between the pre-drilled hole 
size in the plate and the bolt diameter) will influence the characteristic strength of the 
connection and this is discussed in Section 10.3. 

Some examples of connections formed with metal dowel type fasteners are shown 
in Figure 10.4. 


10.2. DESIGN CONSIDERATIONS 


Metal dowel type connections have to satisfy the relevant design rules and require- 
ments of EC5 and the limit states associated with the main design effects are given in 
Table 10.1. The strength conditions relate to failure situations and are therefore ultimate 
limit states (ULS) and the displacement condition relates to serviceability limit states 
(SLS). No displacement limit is given in ECS for connections, however it is a require- 
ment that the movement at connections in a structure must be taken into account when 
determining the instantaneous and final displacements of the structure. Also, where 
connection movement will affect the stiffness distribution in a structure, to be able to 
determine the stress resultant distribution at the ULS the effect of this movement on 
stiffness properties has to be included for. 


10.3 FAILURE THEORY AND STRENGTH EQUATIONS FOR LATERALLY 
LOADED CONNECTIONS FORMED USING METAL DOWEL FASTENERS 


When subjected to lateral loading, a connection formed using metal dowel fasteners 
may fail in a brittle or a ductile mode and the design rules in EC5 have been developed 
to try and ensure that failure will be in a ductile rather than a brittle manner. 

The minimum spacings, edge and end distances given in EC5 when using these 
fasteners have been derived to prevent splitting failure when the connection is being 
formed and when it is subjected to lateral load. Also, for any member in a connection 
subjected to a design force at an angle to the grain, a procedure is given in EC5 to 
ensure that the splitting capacity of the member will exceed the component of the 
design tension force in the member perpendicular to the grain. 

‘Dowel’ is the generic term used for a fastener that transfers load between connected 
members by a combination of flexure and shear in the dowel and shear and bearing 
(referred to as embedment) in the timber. The ductile failure theory used for connections 
formed with dowels is that the fastener and the timber or wood-based material being 


es 


(b) Nailed OSB gusset joints 


(d) Bolted timber-to-timber and bolted steel hanger 
support 


(e) Fin-plate bolted connection (steel plates in slots (f) Fin-plate connection with nearly hidden dowels 
cut in timber) 


(g) Dowelled connection (circular profile) (photo 
courtesy of Axis Timber Ltd, a member of 
Glued Laminated Timber Association, UK) 


(h) Bolted steel-to-timber connection (photo courtesy 
of Donaldson & McConnell Midlands Ltd, a 
member of Glued Laminated Timber Association, UK) 


Fig. 10.4. Examples of connections formed using metal dowel type fasteners. 
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Dowel Timber or 
bending wood based 
strength material 
embedment 
strength 
> > 
Dowel rotation Embedment 


Fig. 10.5. Strength/strain relationships used for dowel connections. 


connected will behave as essentially rigid plastic materials in accordance with the 
strength—displacement relationships shown in Figure 10.5. 

This assumption considerably simplifies the analysis and using such relationships, 
based on the possible alternative ductile failure modes that can occur in a connec- 
tion, Johansen [3] derived the strength equations for connections formed using metal 
dowel type fasteners in timber. When using such fasteners, the possible failure modes 
that can arise in timber-to-timber and wood panel to timber connections are shown in 
Table 10.2 and, for timber-to-steel connections, in Table 10.3. The associated connec- 
tion strength equations are dependent on the geometry of the connection, the embed- 
ment strength of the timber or wood-based material, the bending strength of the fastener 
and on the basis that the fastener will not withdraw from the connection. In the case 
of timber-to-steel connections, the strength of the steel plates must also be shown to 
exceed the connection strength and this should be carried out in accordance with the 
requirements of BS EN 1993-1-1 [4] and BS EN 1993-1-8 [5]. 

Further, in regard to timber-to-steel connections, where the steel plate thickness 
is less than or equal to 0.5 x the dowel diameter (d), in EC5 the plate is classi- 
fied as a thin plate and when it is equal to or greater than d and the tolerance al- 
lowance for the dowel hole is less than 0.1d, it is classified as a thick plate. Strength 
equations have been derived for connections using each type of plate, and for those 
formed using steel plates with a thickness between these limits, the strength is ob- 
tained by linear interpolation between the limiting values based on thin and thick plate 
arrangements. 

Since Johansen’s equations were derived they have been slightly modified and added 
to by other researchers to enhance the connection strength, and the formulae now used 
in EC5 for metal dowel type fasteners are given in Tables 10.2 and 10.3 for the relevant 
failure modes that can occur. The equations given for double shear connections only 
apply to symmetrical assemblies and if non-symmetrical arrangements are used, new 
equations have to be developed or approximate solutions can be used. 

Connections can be formed with fasteners in single or double shear and examples of 
each type are shown in Figure 10.6. In the single shear connection, there is one shear 
plane per fastener and in the double shear connection there are two shear planes per 
fastener. It is important to note that the equations given in Tables 10.2 and 10.3 refer 
to the characteristic load-carrying capacity of a fastener per shear plane. 

For connections in single shear, the characteristic load-carrying capacity per shear 
plane per fastener, Fy px, will be the minimum value equation for the relevant single 
shear cases given in Tables 10.2 and 10.3. Because there is only one shear plane this 
value will also equate to the load-carrying capacity per fastener in the connection and 


378 Structural Timber Design to Eurocode 5 


(panuljuod) 


(9°01) G) spou 


(S01) (®) spowr 


(701) (P) spow 


(€°O1) (2) epour 


(701) (q) spow 
(TOD) (®) spou 


v - ; 
fap ee - 

Y pe etry dat 
aa tl + (9g + DzdZ aaeo t= 

Tas] ay (gz + Deb : pra ATY 

ud ase d+@ 
vee, + E Wad +Odp + (9+ Dz pt: vray 99 L= 
t y y W\ Wy Goi 
AT " Gala e., ef + Gs de+9 py Xraf 
pg AY = 
p yxy = 


@) (2) (P) (2) (q) (e) 
HR RRER 


WAT 


TWAT 


WA, 


WAT 


((9°g) suoyonba 
‘COW 
:suotenba 
oInqiey 

dpoul oy) Woy 
onyea UuNUNTUTUT 
ayy st A 
‘gueyd rays 

Jod Iauajsey 

Jod Ajtoedeo 
SUTALIO-peoy] 
onstayovreyD 


Sopoul dn] Iey 


Ieoys I[SUls Ul sUOTOUUOD, 


,SUOTJOOUUOD poseq pOooOM—IJaqUI] puke JoquIn—IoquIT} 10} suvyd swoys Jod 19Ua}sej Jad Ayoedes SulALed-peo] OsUAORILYD ZOL AdBL 


379 


Design of Metal Dowel Type Connections 


“CO Ul Z'7'g UO paseg 


(O1'01) CD spow 


(601) (D spow 


(SOL) (Y) spo 
(LOI) (8) spour 


v 
WNC 


p pA 


((Z'§) suoyonba 


‘SOM 

:suoryenba 

d+ er Say aIn[ley 
dz Qpour ot} WOT 
onjeA UINUITUTUT 

g ae SI ORDA 


t+p-(4Ty. WAZ 


Wey wd + 7dr 


+(¢+ 1DdZ py. ry Sl = WA 


‘aupjd pays 


dad IgUg4se} 
Jod Aytoedeo 
SUIALIO-peo] 
oNsLajoeIeyO 


p-4-ATY oy = WAY 
py Ty = wy 


SOpoul dINIIe,J 


Jeays s[qnop UI suoTjo9UU0D 


(panuiuos) 7-01 198L 


380 Structural Timber Design to Eurocode 5 


(panuluo?) 


(ST‘OL) (2) spou 


(VI'OL) (P) spo 


(ET'OL) (2) spow 


(ZIOT) (q) epow 


(TIT‘O1) (®) spow 


py ry = way 


v ee gant et 
we, TPO 7 = WAY 
v — Aye 
WAX’ +/T iit | 
2 (O18) ‘(6'8) suouwnba *Cya) 
Wey Sea :suoryenbo SIN] Te} Spour oy} Woy onfeA 
; : umnurturur ayy st ‘Yay ‘oueyd reays Jed 1aua\sey 
Po TY pg = Ay Jad Ayoedes Suthied-peoy onstajoeieyy 
(P) (9) (q) (8) 
(ssoioe (9) pue (p) 
*(9) Jsulese UMOYS se aq plnoys ‘¢'9 ainsi ‘COA 
1915) ren \y UI (9) pue (Pp) ‘(9) Sopow Jey] 9JOU) sopowl siN]Ie] 


soaqeyd yoru} savy (9) pue (p) ‘(9) sopow pure soyeyd uly) savy (q) pue (ev) sopour — Ieays o[SuIs UI sUOT}JOOUUIOZ 


,SUOT]IOUUOD JOqUIT]—[99}s JO} oueyd svoys Jad JoUa}sej Jod Ayoedvo SurAied-peoy ossOVIeYD EOL AIqGBL 


381 


“ETS asnvd]D ‘GOA UO paseg x 


Design of Metal Dowel Type Connections 


(1701) (w) epow 


v ig ‘ . 
(0701) C) epow grey TRAY We srt = ad 
(6L'0D **(/) sepow peep 
v ae 
(8101) (Y) spow wy + pry wey kez = Wg 
(LDOD @) spew see +] pV = wy ((s1'9) (2r'8) (118) suouwnba “Soa 
a :suonenba ornyiey opour oy) Woy anyea 
= UWINUUTUTUL oy} SI NAY ‘aunjd apays sad 19UD\Se} 
(9L'O1) G) spout | sad Ajoedes Surk11ed-pro] sysuajorieys 
(w) oD) (/)) (y) (3) GQ) 
sopoul oinjie] 
soyeyd yor # H + “4 
soqejd uly} [easy aad [saisy Yy oat 1 


MOO ISIMIOYIJO pojels sso[UN ssouyory) Aue Jo av sayeyd Joos — reoys o[qnop UT syuTOL 


(panuiuos) ¢°OT 198 


382 Structural Timber Design to Eurocode 5 


10.3.1 


10.3.2 


Shear 
plane 
Kh> : 
(a) (b) (c) (d) 
(overlapping nails) 
Key: 
Connections (a), (b) and (c) are examples of single shear with one shear plane per 
fastener. (t-t2) > 4x nail 


Where nails are used they can overlap as shown in (c) provided, 
diameter (in mm). 
Connection (d) is an example of double shear with two shear planes per fastener. 


Fig. 10.6. Metal dowel type fasteners loaded laterally in single and double shear. 


the failure mode will be the mode associated with the minimum value equation, as 
shown in the relevant table. 

For symmetrical connections in double shear, the characteristic load-carrying ca- 
pacity per shear plane per fastener, Fy px, will be the minimum value equation for the 
relevant double shear cases given in Tables 10.2 and 10.3, and the failure mode will be 
the mode associated with that equation. However, because there are two shear planes 
per fastener, the characteristic load-carrying capacity per fastener will be: 


Characteristic load-carrying capacity of a fastener in double shear = 2- Fy rx 
(10.22) 
The main functions used in the strength equations are the diameter of the dowel, d, the 
characteristic fastener yield moment, My px and the characteristic embedment strength, 


Sni.k, of the connected member 7, and the significance of these functions is discussed 
in the following sections. 


Dowel diameter 
The value to be used for the diameter of a dowel-type fastener in the strength equations 


in Tables 10.2 and 10.3 is dependent on the type of fastener being used in the connection 
and is given for different types in Table 10.4. 


Characteristic fastener yield moment (My, px) 


In Johansen’s original equations, the yield moment was taken to be the moment at the 
elastic limit of the fastener and was derived from the product of the yield strength and 
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Table 10.4 EC5 requirement for the diameter of a fastener 


Fastener 


d (mm) 


Nails 
Smooth round nails (ECS, 8.3.1.1(4)) 
Square and grooved nails (ECS, 8.3./.1(3)) 


The nail diameter as defined in EN 14592 
The side dimension 


Staples 
With round legs (ECS, 8.4(/)) 
With a rectangular cross-section 
(ECS, 8.4(2)) 


The leg diameter 
The square root of the product of both 
dimensions 


Bolts (ECS, 8.5./.1(2)) 


The bolt diameter 


Dowels (ECS, 8.6(/)) 


The dowel diameter 


Screws (ECS, 8.7.1) 


(a) General 


(b) When determining the yield moment of 
the screw, account is taken of the reduced 
flexural strength due to the threaded part 
of the screw by using an effective diameter 
as follows: 

(i) Smooth shank screws — where the outer 
threaded diameter (d) equals the shank 
diameter and the smooth shank 
penetrates the pointside member by not 
less than 4d 

(ii) Where the conditions in (i) are not met 


(a) The screw diameter (the shank/outer 
threaded diameter) 


(b) (i) The effective diameter, deg is the 
shank diameter d 


(b) (ii) The effective diameter, der is 
1.1 times the threaded root 
diameter 


10.3.3 


the elastic modulus of the fastener. This gave a lower bound strength value and in the 
subsequent development of his theory by other researchers the elasto-plastic strength 
has been used. This takes account of the amount of rotation at the failure state for 
different types of fastener; the tensile strength of the fastener, including the effect of 
strain hardening where relevant and of variation in material strength. 

From these investigations the characteristic yield moment, My, rx, for the different 
types of metal fasteners referred to in EC5 is summarised in Table 10.5. 


Characteristic embedment strength (/,) 


The embedment strength of timber or a wood-based product, fh, is the average com- 
pressive strength of the timber or wood-based product under the action of a stiff straight 
dowel loaded as shown in Figure 10.7. For a piece of timber t (mm) thick, loaded with 
a nail d (mm) in diameter, under the maximum load able to be taken, Fyyax (N), the 
embedment strength is defined as: 


Finax 


2 
ris (N/mm‘) 


fr = 


(10.27) 
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Table 10.5 EC5 equations for My rx 


Fastener 


My rx (N mm) 


Nails 
Smooth round nails (EC5, equation (8.14)) 
Square nails (EC5, equation (8.14)) 


Staples (EC5, equation (8.29)) 
Bolts (EC5, equation (8.30)) 
Dowels (ECS, 8.6.1) 


Screws 
Smooth shank screws with a smooth shank diameter d < 6 mm 
Smooth shank screws with smooth shank diameter d > 6 mm 


0.3 fuad?® (10.23) 
0.45 fud*® (10.24) 


240d? (10.25) 
0.3 fuxd*® (10.26) 
As for bolts 


As for nails 
As for bolts 


d is the diameter of the nail, bolt, staple or dowel (in mm). For staples with rectangular sections, d is the square root of 
the product of the leg dimensions and for screws d is the effective diameter referred to in Table 10.3. f, is the tensile 
strength of the nail wire (or screw material) (in N/mm). Fuk is the characteristic tensile strength of the bolt (or screw 


material) (in N/mm?). 


The embedment is the distance the dowel depresses the timber or wood-based product. 
Because of the complex cellular nature of timber and wood-based products, the embed- 
ment strength is not a material property. It is a system property dependent on several 
factors, including the type of fastener being used. From the results of investigations 
by various researchers, the value derived for the characteristic embedment strength 
of timber and wood products, fp,x, given in ECS when using different types of metal 
dowel fasteners is summarised in the following sub-sections. 


10.3.3.1 Characteristic embedment strength when using nails (diameter < 8 mm) 


The embedment strength varies depending on the diameter of nail being used, the types 
of material used in the connection, and whether or not pre-drilling is adopted. Embed- 
ment strengths for the possible variations arising in design are given in Table 10.6. 


10.3.3.2 Characteristic embedment strength when using staples 


The embedment strength is derived using the expressions given in Table 10.6 for nails 
and where the staple has a rectangular cross-section the diameter d should be taken as 
the square root of the product of its leg dimensions. 


Fig. 10.7. Embedment strength of timber or wood-based material. 
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Table 10.6 Characteristic embedment strength when using nails 


Condition fax (N/mm?) 


For timber and for LVL connections using nails up to 

8 mm in diameter 
Without predrilled holes (ECS, equation (8.15)) fa = 0.082-,d~°? (10.28) 
With pre-drilled holes (ECS, equation (8.16)) Sak = 0.082(1 — 0.01d)p, (10.29) 


For timber and for LVL connections using nails greater The expressions in Table 10.7 for 
than 8 mm diameter bolts will apply 


For panel-to-timber connections with nails having a head 
diameter of at least 2d and where the panel material is: 


Plywood (ECS, equation (8.20)) fink = 0.11 p,d~°? (10.30) 
Hardboard (in accordance with EN 622-2 [6]) fink = 30d~°319° (10.31) 
(ECS, equation (8.21)) 

Particleboard or OSB (ECS, equation (8.22)) fink = 65d~°7 191 (10.32) 


d is the diameter of the nail (in mm). px is the characteristic density of the timber, LVL or panel material (in kg/m?). t 
is the panel thickness (in mm). 


10.3.3.3. Characteristic embedment strength when using bolts, nails (diameter > 8 mm) 
and dowels 

When using timber to timber or LVL, the embedment strength of bolts, nails (with a 
diameter greater than 8 mm) and dowels is dependent on the direction of the applied 
load relative to the grain and for such fasteners the embedment strength is determined 
by using Hankinson’s equation [7], referred to in 5.3.2. 

Applying the Hankinson equation to determine the characteristic embedment 
strength, fh.ok, when the fastener is loaded at an angle a@ to the grain, as shown in 
Figure 10.8, the equation can be written as: 


fn,0,k + fn,90,k sedi) 
fa.o.k Sin? @ +. fh,90,k COS? oF : 


Shook = 


where fh.a.k is the characteristic embedment strength at an angle a to the grain, fh,o.x 
is the characteristic embedment strength parallel to the grain, and fh,90,, is the charac- 
teristic embedment strength perpendicular to the grain. 


Failure load on fastener, F, 


Bolt, dowel or 
nail (d > 8 mm) Timber or LVL member 


Fig. 10.8. Embedment strength of a bolt, dowel or nail (d > 8 mm) fastener loaded at an 
angle a to the grain. 
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Table 10.7 Characteristic embedment strength using bolts, nails (greater than 8 mm in diameter) 
or dowels 


Condition fa.k (N/mm?) 

For timber and LVL 
Loaded parallel to grain Sro.k = 0.082(1 — 0.014) px (10.35) 
(ECS, equation (8.32)) 
Loaded at an angle @ to grain Shok = ae (10.36) 
(ECS, equation (8.31)) Koo sina” + cosa 


For panel to timber loaded at any angle to the face fhok = fhx = 0.1101 — 0.01d)p, (10.37) 
grain where the panel material is plywood, the 

characteristic embedment strength in the panel 

material will be: 

(ECS, equation (8.36)) 


For panel to timber loaded at any angle to the face fi,ok = fink = 50d~°r°? (10.38) 
grain where the panel material is either 

particleboard or OSB, the characteristic 

embedment strength in the panel material will be: 

(ECS, equation (8.37)) 


d is the diameter of the fastener. p, is the characteristic density of the material being considered. t is the thickness of 
the panel material. w is the angle of the load in the fastener relative to the grain. ko9g = (1.35 + 0.015d) for softwoods; 
(1.3 + 0.015d) for LVL; (0.9 + 0.015d) for hardwoods. 


In ECS, the above equation is reduced to: 


fn,0,k 


kop sin? aw + cos? a 


Sok = (ECS, equation (8.31)) (10.34) 
where ko9 = fh,0,k/fb,90,k and values for softwood, LVL and hardwoods are given in 
Table 10.7. 

For bolted panel-to-timber connections, the embedment strength in the panel material 
is the same for all angles of load resulting in factor kog equalling unity and equation 
(10.34) simplifying to the embedment strength of the panel material. 

The characteristic embedment strength for bolts up to 30 mm diameter, nails greater 
than 8 mm diameter and dowels greater than 6 mm and up to 30 mm diameter, in 
timber, LVL and panel product connections, is given in Table 10.7. 


10.3.3.4 Characteristic embedment strength when using screws 
The characteristic embedment strength when using screws is: 


e as that for nails, when using smooth shank screws with a diameter <6 mm, and 
e as that for bolts, when using smooth shank screws with a diameter >6 mm. 


10.3.4 Member thickness, t; and f) 


In a connection the members are classified as member 1 and member 2 as shown in 
Tables 10.2 and 10.3 and defined in the following sub-sections. 
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10.3.4.1 


10.3.4.2 


10.3.4.3 


10.3.4.4 


Fig. 10.9. Staple dimension. 


t, and 2 for a nail connection 
ty is: 


e the nail headside material thickness where the connection is in single shear; 
e the minimum of the nail headside material thickness and the nail pointside pene- 
tration in a double shear connection. 


to is: 


e the nail pointside penetration where the connection is in single shear; 
e the central member thickness for a connection in double shear. 


“Nail headside material thickness’ is the thickness of the member containing the nail 
head and ‘nail pointside thickness’ is the distance the pointed end of the nail penetrates 
into a member. 


t, and tp for a staple connection 
t, and fz are as shown in Figure 10.9. 


t, and tp for a bolt connection 
t, is the bolt headside member thickness where the connection is in single shear or 
double shear (assuming the connection is symmetrical). 
ty is the bolt threaded end member thickness when the connection is in single shear 
and the central member thickness when in double shear. 


t, and tz for a dowel connection 
ty is: 


e the dowel length in member | when the connection is in single shear; 
e the minimum dowel length in the outer members when the connection is in double 
shear. 
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10.3.4.5 


ty is: 


e the dowel length in member 2 when the connection is in single shear; 
e the central member thickness for a connection in double shear. 


t, and t2 for a screw connection 
The definitions given for nails will apply. 


10.3.5 Friction effects and axial withdrawal of the fastener 


The basic Johansen yield equation for each failure mode for connections in single or 
double shear can be derived by the use of a static analysis (as shown in STEP 1 [8]) or 
by the virtual work approach commonly used in the plastic analysis of steel structures. 
To simplify the equations, the ratio of the characteristic embedment strength of member 
2 in the connection, (fp,2,«), to the characteristic embedment strength of member 1, 
(fn.1,.k), is used and written as: 


_ fn2,k 
fitk 


In deriving these equations, friction forces between the members of the connection are 
ignored as well as the withdrawal resistance of the fasteners. In EC5 the Johansen yield 
equations form the basis of the strength equations, however for those failure modes 
that involve yielding of the fastener, the equations have been modified to include for 
friction and withdrawal effects. 

There are two types of friction effects that can arise in a connection. One will develop 
if the members are in contact on assembly and the other will arise when the fasteners 
yield and pull the members together when the fasteners deform under lateral load. The 
former type of friction will be eliminated if there is shrinkage of the timber or wood 
products when in service and because of this it is not included for in the EC5 strength 
equations. The latter type of friction will, however, always arise in failure modes that 
involve yielding of the fasteners and this has been included for in the EC5 equations 
relating to such modes. 

Consider, for example, a single shear connection formed with a plywood gusset plate 
and a timber member connected by a single dowel-type fastener as shown in Figure 
10.10. Assume that under the lateral shear force on the joint the fastener yields in the 
gusset plate and in the timber member allowing it to rotate by an angle 6, as shown, and 
that the coefficient of friction between the gusset plate and the timber is jz. In addition 
to being subjected to bending, the fastener will be subjected to a tension force Ng 
due to the withdrawal effect during loading. Force Ng will have a vertical component, 
Nq sin @, and a horizontal component, Ng cos 6, the latter compressing the gusset plate 
onto the timber and inducing an additional vertical resistive force, pNacos 6, due to 
friction. The force in the fastener, Fy px, will equate to the sum all of the vertical forces 
in the connection as follows: 


(ECS, equation (8.8)) (10.39) 


Fy rk = Na(sin@ + cos @) + Johansen’s yield load for the joint( Fy rk) 
(10.40) 


Design of Metal Dowel Type Connections 389 


Timber 
member 


shear 


gusset plate 


Fig. 10.10. Connection with dowel-type fastener in single shear at the failure condition. 


At the failure condition, Ng will be the withdrawal capacity of the fastener and in 
ECS5 the component Ng sin@ is taken to be Fax.px/4, where Fax rx is the fastener’s 
characteristic withdrawal capacity. Component Ng cos @ is equated to a percentage 
of Fy, the Johansen yield load. Taking these effects into account, the characteristic 
lateral load carrying capacity of a fastener, F\ px, in ECS is written in the following 
format: 


Fy rx = friction factor x Johansen yield load + (withdrawal capacity /4) 


In ECS the values used for the friction factor are 5% where the fastener partially yields 
(e.g. modes (d) and (e) in Table 10.2) and 15% where the fastener fully yields (e.g. mode 
(f) in Table 10.2). The use of these factors can be seen in equations (10.4)—(10.6), (10.9), 
(10.10) in Table 10.2 and in equations (10.12)—(10.14) and (10.18)—(10.21) in Table 
10.3. In equations (10.14), (10.18) and (10.21) in Table 10.3 the numerical coefficient 
incorporates a factor of 1.15 for this effect. 

To discriminate between the Johansen yield load and the combined withdrawal and 
friction forces in a connection, the latter are commonly referred to as the rope effect 
forces, however in ECS reference is only made to the term F,x,p«/4 as the contribution 
from this effect. 

As previously stated, F,x,px is the characteristic axial withdrawal capacity of the 
fastener and is defined in EC5, 8.3.2, for nails and is also applicable to staples. It 
is defined in ECS, 8.5.2, for bolts and 8.7.2 for screws, and is discussed in 10.8. For 
those fasteners that are potentially susceptible to withdrawal, the minimum penetration 
permitted in timber is specified in the following sub-sections. 


10.3.5.1 Minimum penetration when using nails (EC5, 8.3.1.2 and 8.3.2) 

1. Smooth nails — the minimum pointside penetration (i.e. the penetration of the 
pointed end of the nail into the timber) is 8d, however at this value the pointside 
withdrawal capacity of the nail is taken to be zero. Where the pointside pen- 
etration is at least 12d, the full characteristic value of the withdrawal strength 
given in ECS, equation (8.25), can be used and between 8d and 12d the with- 
drawal strength should be multiplied by (tpen/4d — 2), where fpen 1s the pointside 
penetration length, as discussed in 10.8.1. 
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2. Other nails (as defined in EN 14592 [9]) — the minimum pointside penetration 
is 6d and at this value the pointside withdrawal capacity of the nail is taken to 
be zero. With these nails, when the pointside penetration is at least 8d the full 
characteristic value of the withdrawal strength can be used and between 6d and 
8d the withdrawal strength should be multiplied by (tpen/2d — 3), as discussed 
in 10.8.1. 

3. For nails in end grain special rules apply, as given in ECS, 8.3.1.2(4). 


10.3.5.2. Minimum penetration when using staples (ECS, 8.4 (3)) 


1. The minimum pointside penetration (see dimension fz in Figure 10.5) is 14 x 
the staple diameter. 


10.3.5.3. Minimum penetration of screws (ECS, 8.7.2(3)) 


10.3.6 


1. The minimum pointside penetration length of the threaded part of the screw 
must be 6 times the outer diameter of the screw, measured on the threaded part. 


In ECS, 8.2.2(2), an upper limit is also set for the value of Fix .px/4. It is taken to 
be a percentage of the first term of the relevant strength equations given in Tables 10.2 
and 10.3 (i.e. a percentage of the Johansen yield load (F,,,.) enhanced by the friction 
factor associated with the rope effect) as follows: 


15% Round nails 

25% Square nails 

50% Other nails 
100% Screws 

25% ~~ Bolts 

0% Dowels 
The maximum percentage increase is dependent on the type of fastener being used and 
screws will achieve the greatest enhancement. In single shear connections when using 
nails, Fax.Rk Will be the lower of the fastener head pull-through strength (including 
the withdrawal strength associated with the headside penetration of the fastener) and 
the pointside withdrawal strength, which are discussed in 10.8.1. When dealing with 
bolts, the resistance provided by the washers, which is defined in ECS, 10.4.3, should 
be taken into account. 


perentage < 


Brittle failure 


The ECS strength equations in Tables 10.2 and 10.3 are only valid if there is no 
premature splitting or shearing of the timber resulting in a brittle-type failure. To try 
and eliminate the risk of such failures minimum edge, end and spacing criteria for 
use with dowel-type fasteners have been developed from testing programmes and the 
requirements for nails, staples, bolts, dowels and screws are given in Tables 10.8 and 
10.9. The spacings and distances referred to in these tables are as shown in Figure 10.11. 
Also, to prevent splitting in timber when using nails greater than 6 mm in diameter 
(incorrectly stated to be 8 mm in EC5) and smooth shank screws greater than 6 mm in 
diameter, pre-drilling must be used and the particular requirements for these fasteners 
are given in Section 10 of ECS. It is to be noted that pre-drilling may also be necessary 
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(b) Edge and end distances 


Fig. 10.11. Fastener spacings and distances. 


to allow fixings to be formed in dense timber and this is a requirement for nails driven 
in timber with a characteristic density greater than 500 kg/m? (ECS, 8.3././) and for all 
screws in hardwood (ECS, 10.4.5). The above and other related requirements in ECS 
are summarised in the notes accompanying Tables 10.8 and 10.9. 

ECS rules for spacing, edge and end distances for joints formed with nails and/or staples 
are summarised in Table 10.8 and the following requirements also apply. 


Additional requirements in ECS 
(a) Laterally loaded nailed connections 


General 
&.3.1.1(2) — the timber should be pre-drilled when 


* its characteristic density >500 kg/m?; 
e the nail diameter exceeds 8d (Note that this should be 6d and is one of the proposed 
draft amendments to be made to ECS, referred to in Appendix C). 


Nailed timber-to-timber connections 
8.3.1.2(6) — when the thickness of the timber members is smaller than tderived from 
ECS, equation (8.18), given below, the members should be pre-drilled: 


Td . 
t = max | (13d — Lr aiiaat (ECS, equation (8.18)) 
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Table 10.9 Minimum spacings and edge and end distances for bolts and/or dowels in 
timber-to-timber, panel-to-timber and steel-to-timber connections* 


Spacing or distance (see 


Minimum spacing or distance 


Figure 10.11) and a! Bolts Dowels 
Spacing parallel to the grain: a, 

0° <a < 360° (4+ |cosa|)d (3 + 2| cos a|)d 
Spacing perpendicular to the grain: a2 

0° < a < 360° 4d 3d 


Loaded end distance: a3, 
—90° < a < 90° 


Unloaded end distance: a3 ,. 


90° <a < 150° 
150° <a@ < 210° 
210° < a < 270° 


Loaded edge distance: ay, 
0° < a < 180° 


Unloaded edge distance: a4,, 


180° < a < 360° 


max (7d; 80 mm) 


max [(1 + 6sina)d; 4d] 
4d 
max [(1 + 6sina@)d; 4d] 


max [(2 + 2 sina)d; 3d] 


3d 


max (7d; 80 mm) 


max (a3, |sina|)d; 3d) 
3d 


max (a3, |sina|)d; 3d) 


max [(2 + 2 sina)d; 3d] 


3d 


* Based on Tables 8.4 and 8.5 in ECS. 
iq is the angle between the direction of the nail force and the grain. 


where f¢ is the thickness of timber member to avoid pre-drilling (in mm), /, is the 
characteristic timber density (in kg/m?), and d is the nail diameter (in mm). 
&.3.1.2(7) — the requirement of NA.2.8 in the UKNA to ECS [10] is that this rule should 
not be applied to nailed joints. 


(b) Nailed panel-to-timber connections 

&.3.1.3(1) — minimum nail spacings for all nailed panel-to-timber connections are 
those given in Table 10.8 multiplied by a factor of 0.85. The end/edge distances remain 
unchanged unless specifically defined in ECS. 

&.3.1.3(2) — minimum edge distances and end distances in plywood members should 
be taken as 3d for an unloaded edge (or end) and (3 + 4 sin w)d for a loaded edge (or 
end). 


(c) Nailed steel-to-timber connections 
8.4. 1.4(1) — minimum nail spacings are those given in Table 10.8 multiplied by a factor 
of 0.7. The minimum edge and end distances remain unchanged. 


ECS rules for spacing, edge and end distances for joints formed with bolts and/or 
dowels are summarised in Table 10.9. 

ECS rules for spacing, edge and end distances for joints formed with screws 
(ECS, 8.7.1) are as follows: 
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Tension split 
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Freq force components 


Fig. 10.12. Member loaded in tension at an angle to the grain. 


¢ For smooth shank screws with a diameter greater than 6 mm, the rules for bolts 
will apply. 

e¢ For smooth shank screws with a diameter d of 6 mm or less, the rules for nails 
given in Table 10.8 will apply. 


In the above, the diameter, d, will be the shank diameter of the screw. 


Where multiple dowel-type connections near the end of the timber member in a 
steel-to-timber connection are loaded parallel to the grain, there is a risk of a brittle- 
type failure due to block shear and plug shear. This type of failure is referred to in EC5, 
&.2.3(5), and in Annex A (informative), and the guidance in NA.3.1 of the UKNA to 
ECS is that the annex should only be used in connections where: 


e there are ten or more metal dowel type fasteners with a diameter <6 mm in a row 
parallel to the grain; 

¢ there are five or more metal dowel type fasteners with a diameter >6 mm in a row 
parallel to the grain. 


10.3.6.1 Brittle failure due to connection forces at an angle to the grain 
This form of brittle failure can arise when fasteners apply a force at an angle to the 
timber grain resulting in the possibility of splitting caused by the force component 
perpendicular to the grain, as shown in Figure 10.12. This failure can occur at a load 
less than the design capacity of the fasteners. 

Preliminary issues of Eurocode 5 were written on the premise that by using the min- 
imum spacings, end and edge distances given in the code, splitting would be prevented 
and joint failure would always be by ductile failure of the fasteners. The strength of 
the timber was based solely on a check of the shear strength of the member. Prior 
to the final publication of EC5 this was revised to incorporate a design check on 
the splitting resistance of the connection members where the forces in the fasteners 
were able to induce a tension component perpendicular to the grain in the connection 
members. 

The strength equation in ECS is developed from the application of linear elastic 
fracture mechanics, and the requirements are covered in ECS, 8.1.4, as follows. 
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Fig. 10.13. Inclined force transmitted by a connection. 


At the ULS, 
Fy pd < Foo,ra (10.41a) 
and 
Fy pa = max(Fy 64,1, /y,za,2) (10.41b) 
where: 


¢ Foo,ra is the design splitting capacity, calculated from: 


Fo0,Rk 


Fo0,rd = Kod (10.41c) 


YM 
and Foo,rx for softwood is defined below. 
¢ Fy a1 and F, a2 are the design shear forces on each side of the connection as 
shown in Figure 10.13. 


Timber trusses are normally fabricated using softwood species and based on a linear 
elastic fracture mechanics approach the characteristic splitting capacity of softwood 
member(s) A, shown in Figure 10.13, will be: 


he 
Foo.rk = ro (ECS, equation (8.4)) (10.41d) 
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Grain direction 


Fastener Three rows of fasteners parallel to the grain 


Fig. 10.14. Rows of fasteners. 


where w = max((wpi/ 100)°>, 1) for punched metal plate fasteners and w = 1 for all 
other fasteners, Foo,px is the characteristic splitting capacity (in N), w is a modification 
factor, h. is the distance from the most distant connector or the edge of the punched 
metal plate fastener to the loaded edge (in mm), h is the member height (in mm), b is 
the member thickness (in mm), and w,, is the width of the punched metal plate fastener 
parallel to the grain (in mm). 


10.4 MULTIPLE DOWEL FASTENERS LOADED LATERALLY 


10.4.1 


In ECS, a number of fasteners lying along a line running parallel to the grain direction, 
as shown in Figure 10.14, are referred to as a row of fasteners parallel to the grain. 

Where there is only a single fastener in the row, the design strength of the row per 
shear plane will be the design lateral load carrying capacity of the fastener per shear 
plane and where there are r such rows, the design strength of the connection parallel 
to the grain per shear plane will be: 


Design lateral capacity of connection per shear plane 


=r x Design lateral capacity of the fastener per shear plane 


Where there is more than one fastener per row parallel to the grain the strength of the 
row depends on the stiffness of the fastener and the strength of the bedding material 
and in general the stiffer the fastener the greater the design strength of the row. Several 
researchers have investigated this effect, and the effective characteristic load-carrying 
capacity of a row of fasteners parallel to the grain, Fy ef rx, in ECS is: 


Fy ct. rk = Net Py Rk (ECS, equation (8.1)) (10.42) 


where Fy ef rx is the effective characteristic lateral load carrying capacity per shear plane 
of one row of fasteners parallel to the grain, ner is the effective number of fasteners per 
shear plane in the row parallel to the grain, and Fy px is the characteristic lateral load 
carrying capacity per shear plane of the fastener type being used. 


The effective number of fasteners 
The effective number of fasteners in a connection is dependent on the type of fastener 


and the direction of loading relative to the grain, and is covered in the following sub- 
sections. 
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(a) A row formed using single nails with a stagger < d 


Fig. 10.15. Nails in a row (nail spacing parallel to the grain — see Table 10.8). 


10.4.1.1 Nails 
(a) Loaded parallel to the grain. Where nails are staggered in a row by less than a nail 
diameter perpendicular to the grain, as shown in Figure 10.15, they will all form part 
of the row, and if they are staggered by a distance greater than the nail diameter, two 
separate rows will be formed. 
For nails in a row loaded parallel to the grain in a connection: 


¢ when using single nails in single or double shear: 


Net = ne! (ECS, equation (8.17)) (10.43) 


ies nist (10.44) 
Here 


© neg is the effective number of nails in a row parallel to the grain; 

¢ nis the number of nails in a row parallel to the grain (for single nails); 

* np is the number of overlapping nails in the row parallel to the grain (noting that 
an overlapping nail is formed from two nails); 

¢ kef is an exponent that is dependent on the nail spacing and whether or not pre- 
drilling is used, and is given in Table 10.10. 


Table 10.10 Values for exponent ke in equations (10.43) and (10.44)* 


Keg 
Spacing! Pre-drilled Not pre-drilled 
a, = 14d 1.0 1.0 
a, = 12d 0.925 0.925 
a, = 10d 0.85 0.85 
a, = 9d 0.8 0.8 
a, = 8d 0.75 0.75 
a; =7d 0.7 0.7 
aqy= 4d 0.5 = 


* Based on Table 8.1 in ECS. 
i Linear interpolation of keg is permitted for spacings between the stated values; spacing a 
is as shown in Figure 10.15. 
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10.4.1.3 
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Fastener 


Fig. 10.16. Lines of fasteners perpendicular to the grain. 


(b) Loaded perpendicular to the grain. When loading nails perpendicular to the grain 
in a single or double shear connection, as shown in Figure 10.16, the effective number 
of nails, n.¢, in each line of nails shall be taken to equal the actual number of nails, 
n, when using single nails or the number of overlapping nails (as defined in equation 
(10.44)) when using overlapping nails. As explained in 10.3.6.1, when loaded this way 
there is the risk of splitting of the connection material, and the connection capacity 
will be the lesser of the splitting capacity of the member(s) subjected to the tension 
force and the connection strength derived from the summation of the strength of the 
fasteners. 


(c) Loaded at an angle to the grain. When the nails in a single or double shear con- 
nection are laterally loaded at an angle to the grain, the force components parallel and 
perpendicular to the grain have to be derived, and: 


(i) the component of the design force acting parallel to the grain must not exceed 
the load-carrying capacity based on the use of the effective number of nails per 
row in the connection as defined in 10.4.1.1(a)); 

(ii) the component of the design force acting perpendicular to the grain must not 
exceed the load-carrying capacity as defined in 10.4.1.1(b)). 


Staples 
With staples, n is equal to 2 times the number of staples in the row parallel to the grain, 
and where the angle @ between the crown of the staple and the direction of the grain of 
the timber, as shown in Figure 10.17, is greater than 30°, equation (10.43) will apply. 
If the angle 6 is less than 30°, the above will again apply but the lateral load carrying 
capacity should be multiplied by a factor of 0.7. 
For multiple staples in a row, ner is determined as for nails. 


Bolts and dowels 
(a) Loaded parallel to the grain. As bolts/dowels are stiffer than nails or staples, for 
connections in single or double shear, the reduction in row capacity parallel to the grain 
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Fig. 10.17. Spacing for staples. 


is less than with these fasteners and: 


Net = min {n n° 4 | (ECS, equation (8.34)) (10.45) 


where “eg is the effective number of bolts or dowels in a row parallel to the grain, a, is 
the bolt/dowel spacing in the grain direction, d is the diameter of the bolt/dowel, and 
n is the number of bolts/dowels in the row. 


(b) Loaded perpendicular to the grain. For loading perpendicular to the grain, in a 
single or double shear connection there is no reduction and: 


Nep =n (ECS, equation (8.35)) (10.46) 


(c) Loaded at an angle to the grain. The load-carrying capacity parallel or perpen- 
dicular to the grain shall be determined in the same way as for nails, as described 
in 10.4.1(c). For angles 0° < a < 90°, neg may be determined by linear interpolation 
between equations (10.45) and (10.46). 


10.4.1.4 Screws 


10.4.2 


Where the diameter of the smooth shank of the screw is 6 mm or less, the rules for 
nails will apply and where it is greater than 6 mm, the rules for bolts will apply. 


Alternating forces in connections 


Where a connection is subjected to short-term alternating forces, the characteristic 
load-carrying capacity of the connection will not be affected. 

If, however, the connection is subjected to alternating forces due to long- or medium- 
term actions, the characteristic load-carrying capacity of the connection will be reduced. 
In such circumstances, if the design force on the connection alternates between a tensile 
value, Fiza, and a compressive value, F. Ea, the connection must be designed for: 


Design tensile force = (Fiza + 0.5 Fo.pa) (10.47) 


Design compressive force = (Fo.gq + 0.5 Fiza) (10.48) 
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10.5 DESIGN STRENGTH OF A LATERALLY LOADED METAL 


10.5.1 


10.5.2 


DOWEL CONNECTION 


The strength equations given in the following sub-sections assume that in the connection 
the design shear strength of the fasteners will always exceed the design capacity derived 
from the timber/panel strength equations for the relevant fastener type. Where the 
shear strength of the fastener is required, it must be determined in accordance with the 
requirements of EN 1993-1-1, Eurocode 3, Design of Steel Structures, General Rules 
and Rules for Buildings. 


Loaded parallel to the grain 


The design strength of a laterally loaded single fastener, F, pa, is obtained from the 
characteristic load-carrying capacity of the laterally loaded fastener as follows: 


Kno ° Fy, 
La (10.49) 


YM 
where: 


© kmoa 1s the modification factor referred to in 2.2.20, and where the connection 
comprises two timber elements kKmoa,1 aNd kmod,2 the value used in the equation 
will be kmod = \/Kmoa,1kmod,2, aS required by ECS, equation (2.6). 

¢ ywmis the partial factor for connections given in Table 2.6. Except when determining 
the plate strength of punched metal plate fasteners, the factor value will be 1.3. 

¢ F\ Rx is the characteristic load-carrying capacity of the fastener per shear plane 
when loaded laterally, i.e. the lowest value determined from the relevant equations 
given in Tables 10.2 and 10.3. 


For a connection containing rp) rows of fasteners laterally loaded parallel to the 
grain, with each row containing n equally spaced fasteners of the same size, each with 
a design strength per shear plane, Fy pa, the effective lateral load design capacity of 
the connection parallel to the grain, Fy ef.ra, Will be: 


Fy et,Rd = Nsp * pl + Nef * Fy ra (10.50) 


where “e¢ is the effective number of fasteners in the connection in each row parallel to 
the grain and ng, is the number of shear planes in the connection. 


Loaded perpendicular to the grain 


Where loads are imposed on the timber by fasteners loaded perpendicular to the grain, 
there are two possible forms of failure: 


(a) By the timber splitting in tension and this condition is covered in 10.3.6.1. 
(b) By ductile yielding of the fastener and for this condition, where there are rp, 
lines of fasteners with each line containing n fasteners, all of the same size: 


Fy ef, Rd =Nsp* lpr 1: Fy ra (10.51) 
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where: 


© Fy ct.ra is the effective design strength of the fastener per shear plane when loaded 
laterally and perpendicular to the grain. 

® Msp is the number of shear planes in the connection. 

e n is the number of fasteners in each line of fasteners perpendicular to the grain. 
If overlapping nails are being used, n will be the number of overlapping nails as 
defined in equation (10.44). 

¢ F\ Ra is the design load-carrying capacity of a laterally loaded single fastener per 
shear plane when loaded perpendicular to the grain. For nails and staples <8 mm 
in diameter, as well as smooth shank screws with a diameter <6 mm, the capacity 
will be the same as for the fastener loaded parallel to the grain. For bolts and 
dowels as well as smooth shank screws with a diameter >6 mm and nails >8 
mm in diameter in connections using timber or LVL, the capacity derived from 
the strength equations in Tables 10.2 and 10.3 will have to take account of the 
requirements of equation (10.34) where the characteristic embedment strength of 
the timber or LVL in the connection will become: 


fn,0,k 
Koo 


Sb.90,k = (equation (10.34) with @ = 90°) (10.52) 


From the above, the design load-carrying capacity of a connection loaded perpendicular 
to the grain will be: 


Design capacity of connection = min(Foo,rd, Fy,ef,Rd) (10.53) 


where Fo9,Rq is the design splitting capacity of the timber, and for softwood is obtained 
from equation (10.4 1c). 


10.6 EXAMPLES OF THE DESIGN OF CONNECTIONS USING METAL 
DOWEL TYPE FASTENERS 


See Examples 10.13.1 and 10.13.2. 


10.7 MULTIPLE SHEAR PLANE CONNECTIONS 


Where a connection involves multiple shear planes and the connected members are 
at varying angles to each other, it is not possible to directly apply the joint strength 
equations given in Tables 10.2 and 10.3. 

For such situations, the guidance in ECS, 8./.3(1), is that the resistance of each 
shear plane is derived on the assumption that the shear plane in the connection forms 
part of a series of three-member connections and the connection strength is derived 
by combining the strength values of those failure modes that are compatible with each 
other. EC5 requires that failure modes (a), (b), (g) and (h) in Table 10.2 or modes (e), 
(f) and (j/£) in Table 10.3 must not be combined with the other failure modes. 

Using this approach, to evaluate the strength of each shear plane in a multiple-plane 
connection, three-member connections are formed by working from one side of the 
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Fig. 10.18. Multiple shear plane connection procedure. 


joint (say the left side) and setting up a series of three-member symmetrical connections 
such that the central member of each connection is the actual joint member and the 
outer members are its adjacent members. Where the adjacent members have different 
properties (i.e. material, cross-sectional or directional) the member on the right side of 
the connection is replaced by the left-side member to form the symmetrical connection. 
The value and direction of the design force to be transmitted at the shear plane between 
the members are then derived by statics, assuming the fastener to be rigid. Knowing the 
direction of the design force, for each shear plane set-up, the mode failure strength can 
be determined from the application of the strength equations in Table 10.2 (or 10.3). 
Commencing with the left-side shear plane, the shear plane strength will be the mode 
strength having the lowest value and after deleting the incompatible and unacceptable 
combinations of failure mode in the remaining shear planes, the joint strength can be 
determined. It must be shown that the strength of each shear plane is equal to or greater 
than its associated design force. The method produces an approximate and safe result 
and simplifies what is otherwise a relatively complex problem. 

As an example of the application of the method, consider the five-member single bolt 
joint subjected to design axial forces acting in the directions shown in Figure 10.18a. 
Members 1, 2 and 3 have different properties. From the application of statics, the value 
of the design force and its direction in each shear plane can be derived as shown in 
Figures 10.18f-10.18g. 

The three-member connections are now formed, working from the left side of the 
joint. Consider the shear plane between members | and 2 (shear plane x) and form a 
three-member double shear connection by adding member | to the other side as shown 
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Table 10.11 Compatibility of failure modes across shear planes in the connection 


Double shear Lateral load capacity Lateral load capacity —_ Lateral load capacity of 
failure mode 


of shear plane (x) (KN) of shear plane (y) (KN) alternative shear plane (y) (KN) 


Mode (g) 14.46 7.44 19.99 
Mode (h) 4.5 10 3.72 
Mode (j) 26.68 (38.07) (47.09) 
Mode (k) 37.36 (7.44) (3.72) 


in Figure 10.18c. The other members are ignored. The strength of shear plane x is now 
calculated using the strength equations, ensuring that the embedment strength of each 
connected member takes account of the angle of the shear plane load relative to its 
grain direction. For example, in Figure 10.18c member | will be loaded parallel to the 
grain but member 2 will be loaded at an angle @, to the grain. 

Shear plane y between members 2 and 3 is now considered. A three-member sym- 
metrical connection is formed around member 3 using member 2 as the outer member, 
as shown in Figure 10.18d, and the other members are ignored. Note that on this oc- 
casion the actual joint members can be used as the joint is already symmetrical. The 
strength of the shear plane is then derived as above. To consider all possible failure 
modes for shear plane y, a double shear connection involving member 2 as the cen- 
tral member with member 3 on either side, as shown in Figure 10.18e, must also be 
analysed as for the previous simulations. 

From these analyses, the minimum strength of shear plane x and of shear plane y 
will be determined, ensuring that compatibility of the failure modes across the joint 
is taken into account. For the joint being considered an example of the requirement is 
shown in Table 10.11. The mode with the minimum strength in shear plane x is mode 
(h), consequently the shear strength of shear plane x will be 4.5 kN. Because modes 
(j) and (k) are not compatible with mode (h), they need not be evaluated (see values in 
brackets in the table), and mode (h) in alternative shear plane y becomes the y plane 
shear failure mode as it has the lowest value. 

In addition to the above check, if the design force in a shear plane results in any 
member in a timber connection being subjected to a force component at an angle to the 
grain, the timber must also be checked for compliance with the requirements of 10.3.6.1. 


See Examples 10.13.3 and 10.13.4. 


10.8 AXIAL LOADING OF METAL DOWEL CONNECTION SYSTEMS 


10.8.1 


The strength equations given in the following sub-sections assume that the tensile 
strength of fasteners will always exceed their withdrawal capacity from the connection. 
If, however, there is a need to evaluate the tensile strength of the fastener, it should be 
carried out in accordance with the requirements of EN 1993-1-1. 


Axially loaded nails 


The withdrawal capacity of nails loaded axially is dependent on the type of nail being 
used. Smooth round wire nails give the poorest result and with threaded nails the 
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Fig. 10.19. Nailing in tension. 


capacity is greatly increased. However, no matter the type, nails are not considered 
capable of sustaining axial load in end grain. 

Also, EC5 does not permit axially loaded smooth nails to be used in situations 
involving permanent or long-term loading, and where threaded nails are used, only the 
threaded part of the nail is to be taken as relevant for determining the nail strength. 

Ignoring tension failure of the nail, there are two possible failure modes when sub- 
jected to axial loading: 


© pointside withdrawal of the nail; 
e pull-through of the nail head. 


Nails can be driven perpendicular to the grain and/or at a slant, as shown in 
Figure 10.19, and will fail in the mode with the lesser capacity. For nails compli- 
ant with EN 14592, only the threaded part of the nail is considered to be capable of 
transmitting axial load, consequently the headside capacity can only utilise the head 
pull-through resistance. With smooth nails, there will be withdrawal resistance for the 
pointside penetration and the headside resistance takes both the headside pull-through 
strength and the shank friction resistance on the headside of the nail into account. 

When a nail is subjected to an axial force, Fy, the following condition has to be 
satisfied: 


Fa s Fax Rd (10.54) 


where Fx pq is the design withdrawal capacity of the nail. 
The design withdrawal capacity of the nail is obtained from the characteristic with- 
drawal capacity, Fax.rx, as follows: 


Kmo Pix 
Ga (10.55) 


YM 


where the functions are as previously defined and F,,, px is the characteristic withdrawal 
capacity of a nail derived as follows: 
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For nails, other than smooth wire nails, as defined in EN 14592: 


Sax, kd tpen 


Picea 


For smooth wire nails: 


Fax,Rk = Min ( (EC5, equation (8.23)) (10.56) 


(ECS, equation (8.24)) (10.57) 


i Sax, kd tpen 
Fax. Rk = min “ 
faxKat aE Sead kth 


where: 


© fax, is the characteristic pointside withdrawal strength; 

© fheadk iS the characteristic headside pull-through strength; 

e d is the nail diameter, and for square or grooved nails d is the side dimension; 

© ten is the pointside penetration or the length of the threaded part in the pointside 
member; 

e tis the thickness of the headside member; 

e d, is the diameter of the nail head. For smooth wire nails this is 2.25d for nails of 
2.65 mm up to 3.75 mm diameter and 2d for all nail sizes greater than 3.75 mm 
diameter. 


Values for fax,x and fheaa,k can be determined by testing, and ECS gives the following 
values for smooth nails with a pointside penetration of at least 12d: 


faxk = 20x 10-°p2 N/mm? (ECS, equation (8.25)) (10.58) 
fread,k = 70 x 10-%p2 N/mm? (ECS, equation (8.26)) (10.59) 


where /x is the characteristic timber density in kg/m’. 

If the pointside nail penetration is less than 12d the withdrawal capacity of the 
nail has to be linearly reduced by multiplying by the factor ((tpen/4d) — 2). When the 
minimum nail penetration of 8d for smooth nails is used, the factor will be zero and 
there will be no axial withdrawal strength. This procedure must also be applied to 
the headside penetration of the nail to determine the strength contribution from shank 
friction towards the headside strength. 

When threaded nails are used, the threaded or deformed length of the shank should 
be at least 6d and the pointside penetration must also be at least 6d. For a threaded 
pointside nail penetration of 8d the full value of the characteristic withdrawal strength 
can be used and for values less than this the strength is reduced linearly by multiplying 
by ((¢pen/2d) — 3). Although no characteristic withdrawal strength is given in ECS, in 
the draft amendment in Appendix C, to be able to be classified as a threaded nail in 
accordance with EN 14592, a minimum value of characteristic withdrawal strength 
will be defined. 

Where structural timber has been designed to function under service class | or 2 
conditions but will possibly be installed at or near the fibre saturation point, the values 
of fax and fheadk Must be multiplied by 2/3 to take account of the reduction in the 
respective strengths when drying out. 

The spacings, end and edge distances for axially loaded nails are the same as those 
given in ECS for laterally loaded nails. 


See Example 10.13.5. 
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Table 10.12 Minimum spacings and edge distances as illustrated in Figure 10.20, when using 
axially loaded screws* 


Direction in which the screw Minimum spacing between Minimum edge distance to 
has been driven adjacent screws a; the screw ay 

At right angles to the grain 4d 4d 

In the end grain 4d 2.5d 


* Based on Table 8.6 in ECS (NB: In the proposed draft amendment to ECS, summarised in Appendix C, 8.7.2, this 
table will be revised). 
d is the screw diameter and the minimum pointside penetration of the threaded part of the screw must be 6d. 


10.8.2 Axially loaded bolts 


With axially loaded bolts, the strength of the connection is dependent on the tensile 
strength of the bolt and the bearing strength of the material onto which the bolt washer 
beds. The tensile strength of the bolt is derived using the strength equations in EN 
1993-1-1. 

When bearing onto timber or wood products, the bearing capacity below the washer 
should be calculated assuming a 300% increase in the characteristic strength of the 
timber perpendicular to the grain over the contact area, i.e. fox = 3.0 x fo.90,k. 

When using a steel plate, the bearing capacity per bolt should not exceed that of a 
circular washer with a diameter that is the lesser of 12¢ (where t is the plate thickness) 
or 4d (where d is the bolt diameter). 


10.8.3 Axially loaded dowels 


Dowel fasteners cannot be used to take tensile loading. 


10.8.4 Axially loaded screws 
With screws it is stated in ECS that there are five possible failure modes: 


— withdrawal of the threaded part of the screw; 

— when used with steel plates, there is the risk of tearing off the screw head; 

— failure by the screw head pulling through the timber or wood product; 

— the screw failing in tension; 

— when used in conjunction with steel plates there is the risk of a block shear or plug 
shear failure. 


Failure modes in the steel or in the timber around the screw are brittle-type modes 
and the significance of this should be taken into account in the design of a connection 
subjected to axial loading. 

To control block failures and ensure that the minimum withdrawal resistance is 
achieved, minimum spacing and penetration requirements are specified for axially 
loaded screws. The minimum pointside penetration of the threaded length of the screw 
must be 6d, where d is the outer diameter measured on the threaded part, and the 
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Fig. 10.20. Spacing for axially loaded screws at right angles to the grain. 


spacing criteria are as given in Table 10.12 and shown in Figure 10.20 for screws driven 
at right angles to the grain. In the proposed draft amendment to EC5, summarised in 
Appendix C, 8.7.2, this table will be revised and also a minimum timber thickness 
criterion will be introduced. 

When a screw is subjected to an axial design force Fy, the following condition has 
to be satisfied: 


Fg < Fax.a.Rd (10.60) 


where Fx «Ra 1S the design withdrawal capacity of the screw when loaded axially at 
an angle a to the grain. 

The design withdrawal capacity of the screw is obtained from the characteristic 
withdrawal capacity, Fax.¢,.Rk, aS follows: 


Kmo Flaxa 
= (10.61) 


YM 
where the functions are as previously defined and F lax «Rx is the characteristic with- 
drawal capacity of a single screw at an angle @ to the grain and is: 


F laxaRk = (wd Ler)" faxok (based on ECS, equation (8.38)) (10.62) 


where: 


e d is the outer diameter of the screw measured on the threaded part. 

© ff is the pointside penetration of the threaded part of the screw minus one screw 
diameter (to take account of the pointed end of the screw) and must be at least 6d. 

© fax.a.k is the characteristic withdrawal strength at an angle a to the grain and is 
defined as: 


Sax.k 


ECS, equation (8.39 10.63 
sin? a + 1.5 cos? a ( q (8.39) ( ) 


Sax.a.k = 


where fax.« is the characteristic withdrawal strength perpendicular to the grain, 
and equals 3.6 x 10-3 a N/mm2, where Px 1s the characteristic density of the 
timber or wood product. 


In the proposed draft amendment to EC5, summarised in Appendix C, 8.7.2, arevised 
expression is given for the evaluation of the characteristic withdrawal strength of an 
axially loaded screw, which will result in a change to equation (10.62). 
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Equation (10.62) only relates to the axial withdrawal strength of the threaded part 
of the screw in the pointside. The axial withdrawal strength of the headside of the 
screw will be obtained from equation (10.56) using the headside pull-through strength 
equation and adopting the characteristic pull-through strength given in equation (10.59). 
If the screw diameter is greater than 6 mm, the headside pull-through strength must 
comply with the rules for calculating the axial withdrawal capacity of a bolt. 

If the pointside penetration of the screw is less than 10d the tensile strength of the 
screw is unlikely to dictate the failure strength of normal joints. When greater than 
10 d the tensile strength based on the threaded area of the screw should be checked 
using BS EN 1993-1-8. 

Where a connection is formed using a group of screws loaded by a force component 
acting along the axis of the shank, the effective number of screws in the group will be: 


Nef = n°? (EC5, equation (8.41)) (10.64) 


where ner is the effective number of screws, and n is the actual number of screws acting 
together in the connection. 

Where the strength of each screw in a connection loaded axially in tension is deter- 
mined by the strength of the pointside penetration length, and each screw shank is at 
an angle a to the grain, when n screws are loaded axially, then: 


Fax. Rk = Net(1d bet)? fax.ark (ECS, equation (8.38)) (10.65) 


and 


Kmod Fax .a.Rk 
YM 


where the functions are as previously defined. 
Where the screws are fixed perpendicular to the grain and loaded axially, equation 


Faxja.Rd = (10.66) 


(10.65) reduces to: 
Faxrk = etd ber)” fax. (10.67) 
and 
gy eee (10.68) 
YM 


As previously stated, in the proposed draft amendment to EC5, summarised in Appendix 
C, 8.7.2, the equation used to evaluate the characteristic withdrawal strength of axially 
loaded screws is to be amended, which will result in a change to equations (10.65) and 
(10.67). 


See Example 10.13.6. 


10.9 COMBINED LATERALLY AND AXIALLY LOADED METAL 
DOWEL CONNECTIONS 


When nailed or screwed connections are subjected to the combination of a lateral design 
load, Fy ea, and an axial design load, Fx za, they must comply with the interaction 
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Fig. 10.21. Interaction diagrams for combined axially and laterally loaded connections. The 
linear relationship is for smooth nails and the curved graph is for nails (other than smooth nails) 
and screws. 


relationships shown in Figure 10.21. No guidance is given for bolted connections that 
are loaded in this manner. 

For smooth nails the combined design force to strength ratios must stay within the 
elastic range, resulting in a linear relationship in accordance with equation (10.69). 
The combined ratios for other nail types and for screws can extend beyond the elastic 
limit but must comply with the power function given in equation (10.70) (equations 
(8.27) and (8.28) respectively in EC5), where F,x.pq is the design strength of the 
connection loaded axially, and Fy pq is the design strength of the connection loaded 
laterally. 


See Example 10.13.6. 


10.10 LATERAL STIFFNESS OF METAL DOWEL CONNECTIONS AT 
THE SLS AND ULS 


Because of tolerance allowances in the assembly process of a connection or yielding 
of the fasteners and/or the timber or wood product in the connection, or through a 
combination of both of these factors, joints formed with mechanical fasteners will slip 
when subjected to lateral load. The amount of slip will vary depending on the fastener 
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Legend: 
Fax is the maximum load taken by the connection; 
Uinst 18 the instantaneous slip at the SLS. 


Fig. 10.22. Typical instantaneous load-—slip behaviour of a metal dowel fastener connections. 


type being used, and typical load-slip curves for a nailed or screwed connection and 
for a bolted connection are shown in Figure 10.22. 

With bolts, because of the tolerance required to enable the bolt to be fitted and the bed- 
ding in process of the bolt onto the surface of the pre-drilled hole when subjected to the 
lateral load, there is an immediate slip when loaded and this is shown in Figure 10.22b. 

Timber has a relatively low stiffness to strength ratio resulting in comparatively 
flexible structural systems, and although the significance of ensuring that joint strength 
criteria are fully achieved in a design, for most structures failure by non-compliance 
with stiffness criteria is likely to be the more common reason for problems arising 
during the design life of a timber structure. 

The stiffness of a fastener is defined as the ratio of its lateral load per shear plane 
divided by its slip, and knowing this relationship the slip under any load can be ob- 
tained. In ECS this stiffness property is referred to as the slip modulus. When timber 
design codes were based on a permissible stress design approach, stiffness criteria 
were given at the working load condition and in most codes the slip limit for joints 
was set at 0.15 inches, nominally 0.4 mm. In ECS, different values of stiffness are 
given for the SLS, Kse, (and the ULS, K,), but no limit is set for joint slip. It is left 
to the designer to decide on the value that will be acceptable for the structure being 
designed. 

In ECS the instantaneous slip modulus for design at the SLS, Ker, is taken to be the se- 
cant modulus of the load—displacement curve at a load level of approximately 40% of the 
maximum load able to be taken by the fastener [11], and is shown for a nailed connection 
in Figure 10.22a. It is seen that the use of a straight-line relationship up to this limit will 
give areasonably good approximation to the actual load—slip behaviour of the fastener. 

From the results of many tests on joints, the instantaneous slip at approximately 
40% of the maximum load has been determined by various researchers. Also, adopting 
failure modes that entail full yielding of the fasteners and the timber/wood product 
(generally referred to as type 3 failure modes, e.g. modes (f) and (k) in Table 10.2), 
which are the most common failure modes in an efficiently designed connection, the 
joint strength can be evaluated. Multiplying the result by 0.4, the SLS strength is 
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Table 10.13 Values for K,., for fasteners (in N/mm) in 
timber-to-timber and wood-based panel-to-timber connections* 


Type of fastener used Serviceability limit state slip 
modulus K ger 
Nails 
Without pre-drilling pird°/30 
With pre-drilling ppd /23 
Staples pi >d°*/80 
Screws pid /23 
Bolts with or without clearance? pid /23 
Dowels par d/23 


* Based on Table 7.1 in EC5. 
+ Where there is a clearance allowance for the bolt, this should be added to the 
connection slip. 


obtained. From these data, the slip modulus per shear plane per fastener under service 
load for different metal dowel type fasteners has been derived and the relationships are 
given in Table 10.13. 

Ker is based on the diameter of the fastener, d (in mm), and where the same timber or 
wood-based product is used for all of the joint members, it is based on the mean density, 
Pm (in kg/m?) of the material. Where the connection involves members of different 
densities, Om; and Pm2, the Pm to be used in the expressions in Table 10.13 will be: 


Pm = JS Pmi * Pm2 (ECS, equation (7.1)) (10.71) 


The instantaneous slip in a connection,uinst, is a Summation of the slip in the re- 
spective members forming the connection, and for the single shear timber-to-timber 
(or wood-based product) connection in Figure 10.23a, the instantaneous slip will be 
as shown in Figure 10.23b. There will be slip in member 1 (Winst1) and in member 2 
(Uinsi2) and Uinst will be: 


Uinst = Uinstt + Uinst2 (10.72) 
Where the members have the same properties and, say member 2 is used, 
Uinst = Uinst2 + Uinst2 = QUinst2 (10.73) 


If one of the members is steel, for the same applied load the slip in the steel member will 
be effectively zero while the slip in member 2 will remain as before and for this situation: 


Uinst = O+ Uinst2 = Uinst2 


For the steel-to-timber connection, the instantaneous slip will be half the value of the 
timber-to-timber connection and consequently its stiffness will theoretically be twice 
the slip modulus of the timber-to-timber connection, i.e. 2 x Kge;. This is an approx- 
imation to the real behaviour as it ignores the effect of clearance between the fastener 
and the steel, rotation of the fastener in the steel member and yielding of the steel 
member where it is in contact with the fastener, and will result in an overestimate of 
the stiffness. Although EC5, 7. 1(3), states that the slip modulus for steel-to-timber and 
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Fig. 10.23. Instantaneous slip in a connection. 


concrete-to-timber connections may be taken to be 2 x Keer, if the structure being 
designed is sensitive to deflection behaviour it is recommended that a smaller value 
be used. 

When deriving the strength of a multiple metal dowel type fastener connection loaded 
perpendicular to the grain, the actual number of fasteners, 1, in the connection is used 
in the joint strength equation, and when deriving the strength parallel to the grain, the 
effective number of fasteners, nef, must be used. No guidance is given in EC5 on the 
value to be used to determine the stiffness of a connection and, irrespective of the angle 
of load relative to the grain, for single and double shear connections it is recommended 
that the actual number of fasteners, n, is always used. 

The stiffness values given in Table 10.13 for K,.; are the stiffness per shear plane per 
fastener, and for connections with n fasteners per shear plane, the connection stiffness, 
Keer,sc for single and Kger,ac for double shear configurations are given in Figure 10.24. 

Where a clearance is required to permit the fastener to be fitted, e.g. with bolts, there 
will be additional slip in the connection caused by the take-up of this allowance. If 
the clearance (tolerance) provided is c (mm), usually taken to be 1 mm for bolts, the 
instantaneous slip for a connection with a single fastener and a single shear plane will be: 


F 
Ker 


Uinst = +c (10.74) 
where F is the SLS load on the connection, and Ke; is the slip modulus of the fastener 
per shear plane at the service condition. 

When a structure is subjected to a characteristic permanent action Gx, a dominant 
characteristic variable action Q, ; and accompanying unrelated characteristic variable 
actions Q,j, the design load on a connection at the SLS, Fy, will be obtained by 
analysing the structure under the characteristic loading combination referred to in 
2.2.25.2, 1.€.: 


Get Oxi+ >) WoiQei > Fa (10.75) 
i=2 
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(d) oin with two double shear onne ions 


Keordc = VW/(1/Keeraci + 1/Kerdc2) 


Fig. 10.24. Stiffness of single and double shear connections and joints. 


where yo,; is the combination value factor for the variable action Q,;, obtained from 
the UKNA to EN 1990:2002 [12]. 

To obtain the final deformation of a connection, the method of analysis will depend 
on whether or not the connections have the same time-dependent properties as the 
members or components in the structure, and the appropriate methodology for each 
condition is given in 2.3.2. 

For structures that comprise members, components and connections with the same 
creep behaviour, the final deformation is obtained by applying the combined charac- 
teristic and quasi-permanent combination of actions to the structure. In this situation, 
the design load on the connection due to the characteristic combination, Fyq, will 
be obtained by analysing the structure under the combined characteristic and quasi- 
permanent loading combinations referred to in 2.2.25.2, i.e.: 


Gx] + kaer) + Ox1Cl + Wo, 1kder) + Oxi (Wo,i + W2,ikder) => Fea (10.76) 
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where the symbols are as previously defined and wy. is the quasi-permanent value 
factor for the quasi-permanent combination of actions obtained from the UKNA to EN 
1990:2002, and Ker is the deformation factor for timber and wood-based materials for 
quasi-permanent actions. Values for kgee for timber and some wood-related products 
are given in Table 2.10. 

The final deformation, u™,, at the SLS of a connection with a single shear plane in 
a structure comprising members, components and connections having the same creep 
behaviour will be: 


Fea 
Ker 


Ufin = te (10.77) 
The above will also apply in the case of statically determinate structures (e.g., pin 
jointed trusses) where the connections do not have the same creep behaviour as the 
members. 

For structures that comprise members, components and connections having different 
creep behaviour and where the creep effect will influence the stiffness distribution, the 
above approach cannot be applied. In these situations, the final deformation will be 
determined from an analysis of the structure subjected to the characteristic combination 
of actions, and the stiffness properties of the members, components and connections 
are reduced in value. The reduced stiffness properties, referred to in EC5 as final mean 
values, are given in equations (2.34), (2.35) and (2.36), and are as follows: 


Biv = ae (ECS, equation (2.7)) (2.34) 
Ginean ins = aes (ECS, equation (2.8)) (2.35) 
(1 + Keer) 
Kean = eae (ECS, equation (2.9)) (2.36) 
(1 + Keer) 


The functions are as described in 2.3.4.1(c). 

The values of kger, for timber and some wood-related products in service class 1, 2 
and 3 conditions, are given in Table 2.10, and when dealing with connections the factor 
must be modified as described in 2.3.2. For completeness, the modifications to kder are 
as follows: 


(i) Where the connection comprises timber elements with the same time-dependent 
behaviour, Kger should be taken to be 2 times the value given in Table 2.10. 

(ii) Where the connection comprises two wood-based elements having different 
time-dependent behaviour, kg-¢ should be taken to be: 


ket = 2y/kaet.1 - kact,2 (ECS, equation (2.13)) (10.78) 


where Kger,1 and Kder,2 are the deformation factors for the respective wood-based 
elements. 

(iii) When timber is being used and installed at or near its fibre saturation point, but 
is to function in an environment where it was likely to dry out under load, the 
value of kge¢ in Table 2.10 must be increased by 1.0. 
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The use of 2kge¢ as the deformation factor when dealing with joints has arisen because 
it has been concluded that when Kae is used there is a tendency to underestimate the 
deflection in a joint. It is to be stated, however, that this is not fully supported by the 
findings from all researchers. 

For structures at the ULS, the analysis procedure will depend on whether or not the 
distribution of the stress resultants in the members of the structure is affected by the 
stiffness distribution, and the methodology to be adopted for each alternative is given in 
2.3.4.2. Unless the joints in the structure are designed to be pin jointed, the distribution 
of the stress resultants in the members will be affected by the stiffness distribution, 
and in a stress analysis at the ULS the final mean value of the stiffness properties in 
equations (2.38), (2.39) and (2.40) will be used as follows: 


Emean,fin = ee (EC5, equation (2.10)) (2.38) 

Gmean,fin = aa (ECS, equation (2.11)) (2.39) 
, (1 + Pokaet) 

Keke = es (ECS, equation (2.12)) (2.40) 


(1 + Wokeer) 


where the functions are as previously defined and y2 is the factor for the quasi- 
permanent value of the action causing the largest stress in relation to strength. 

At this state, the instantaneous slip modulus, Ky, is taken to be the secant modulus 
of the load—slip curve at a load between 60 and 70% of the maximum load [11] and is 
shown for a nailed or screwed connection in Figure 10.17a. From the analysis of test 
results ECS states that for design purposes, K, is to be taken as: 


2 
K,= 3 Keer (ECS, equation (2.1)) (10.79) 
where K se; is the instantaneous slip modulus per shear plane per fastener given in Table 


10.13. 

At the ULS, it should only be necessary to determine the deformation of structural 
elements where there is a risk that the displacement at this state could lead to unaccept- 
able consequences, e.g. confirming the deformation of bracing systems or checking 
deformations that could lead to an unacceptable failure resulting in a hazard to the 
users of the facility. 


See Example 10.13.7. 


10.11 FRAME ANALYSIS INCORPORATING THE EFFECT OF LATERAL 
MOVEMENT IN METAL DOWEL FASTENER CONNECTIONS 


In 10.10 the stiffness of connections at the SLS and the ULS are defined and a method 
for determining the displacement at the connection when it is subjected to a lateral load 
is also given. 

The displacement effect caused by slip in connections in a structure must be taken into 
account in any displacement analysis of the structure. Unless the structure is statically 
determinate, the slip at the connections will also affect the stress distribution around 
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10.12 


the structure and this must also be taken into account. Further, where the connections 
have different creep behaviour, from the content of 10.10 it will be understood that 
as well as having an effect on the displacement behaviour of the structure at the final 
deformation condition, the stress resultants at the ULS will also be affected and need 
to be addressed in the analysis. 

Where a computer-based frame analysis is to be used, slip behaviour at connections 
can be included for by introducing a linear elastic spring element at each affected 
connection with an axial stiffness equal to the lateral stiffness of the connection. Spring 
elements with rotational stiffness simulating semi-rigid rotational behaviour can also 
be modelled, and this is discussed in Chapter 12. 

In modelling these additional elements care has to be taken to ensure that the stability 
of the structure is retained, that the shear and flexural properties of the elements properly 
represent the connection behaviour, and that the size of the elements used will not result 
in ill-conditioned equations. 

Guidance on the loading and stiffness requirements to be used in this type of analysis 
is given in 2.3.4.1 and 2.3.4.2, respectively. 
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10.13. EXAMPLES 


As stated in 4.3, in order to verify the ultimate and serviceability limit states, each 
design effect has to be checked and for each effect the largest value caused by the 
relevant combination of actions must be used. 

However, to ensure attention is primarily focussed on the EC5 design rules for the 
timber or wood product being used, only the design load case producing the largest 
design effect has generally been given or evaluated in the following examples. 


Example 10.13.1 A timber-to-timber tension splice connection functioning in service class 2 
conditions is required to connect two 50 mm by 150 mm timber members as shown in Figure 
E10.13.1(a). Two 36 mm by 150mm timber side members will be used, connected by 3.35 
mm diameter smooth round nails 65 mm long without pre-drilling and driven from both sides 
to overlap in the central member. The nails have a tensile strength of 600 N/mm*. The joint 
is subjected to a characteristic permanent action of 2.5 kN and a characteristic medium-term 
variable action of 3.5 kN and all timber is strength class C22 to BS EN 338:2003. 

Determine the number of nails and the nailing pattern required to comply with the rules in 
ECS. 


36 mm 


<== 35mmt ==> 


- 


36 mm Side members 


Nailing zone 


Fig. E10.13.1(a) 


1. Geometric properties 


Thickness of the side members, ft; t; = 36mm 

Thickness of the inner members, fo to = 50mm 

Width of the members, h h = 150mm 

Cross-sectional area of each of the side As =h-t, A, = 5.4 x 1073 m? 
members, A, 

Cross-sectional area of the inner Ain = h- ty Ain = 7.5 x 10° mm? 
member, Ain 

Nail diameter, d d=3.35mm 

Nail head diameter, d;, dy = 2.25d dy, = 7.54mm 


Nail length, nai €nail = 65mm 
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Nail pointside penetration, ‘point tooint = €nail — 41 tooin = 29mm 
Maximum nail pointside ty — toin = 21mm 
penetration, tz — thin. > 4d 
(Figure 10.6c (ECS, 8.3.1.1.(7))) 4-d=13.4mm ie. OK 
Minimum penetration of the nail tpoint.pen = 8 d tooint.pen = 26.8 mm 
in the inner timber member, 
tpoint.pen 
tpoint.pen 2 Z 
(10.3.5.1(1) (ECS, 8.3.1.2(1))) -pomtpen — 0.92 Ratio less than 1, 1.e. 


tpoint OK 


Both maximum and minimum nail penetration criteria met 


2. Timber and nail properties 
Table 1.3, strength class C22 (BS EN 338:2003(E), Table!) 


Characteristic tension strength fiox = 13 N/mm2 
parallel to the grain, fio. 

Characteristic density of the Px = 340 kg/m? 
timber, Px 


Tensile strength of each nail, fy fa = 600 N/mm? 


3. Partial safety factors 
Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS 


Permanent actions, yg Yo = 1.35 
Variable actions yg yo = 15 
Table 2.6 (UKNA to ECS, Table NA.3) 

Material factor for timber, yy, ym = 1.3 


Material factor for connections, YM.connection = 1.3 


YM.connection 


4. Actions 
Characteristic permanent action, Gy = 2.5kN 
Gy 
Characteristic variable action, Ox Ox, = 3.5kN 


Design tensile action for the Fa = ¥o:Gxe+yo-: Ox Fy = 8.63kN 
critical load combination, Fy 
(Table 2.8, equation (c) using the 
unfavourable condition variable 
action) 
5. Modification factors 
Factor for medium-duration Kmod.med = 0.80 
loading and service class 2, 


Kmod.med 
(Table 2.4 (ECS, Table 3.1)) 
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Tension member width factor ky, = 1 
for solid timber, ky, 
(Table 2.11 (ECS, 3.2)) 


. Tension strength of the timber 
The critical design load case at the ULS will be due to the combination of permanent and 
unfavourable medium-term duration variable action: 


Nails are driven without pre-drilling and are less than 6 mm in diameter. In accordance 
with 5.3.3 (ECS, 5.2(3)), the loss of area effect can be ignored. 


F. 

Design tensile stress parallel olioa = ae, o1o4 = 0.8 N/mm? 
ee ; 2A. 
to the grain in the side 
members, 0 /;.0.4 
F. 

Design tensile stress parallel 020d = == 2:04 = 1.15 N/mm? 
to the grain in the inner ™ 


member, 0 2;.0.4 
mod.med * Kp : Sox 


YM 


k, 
Design tensile strength parallel ftoa = fioa = 8 N/mm? 


to grain, fio 


Design strength exceeds design stress in members; therefore OK 


. Embedment strength of timber 

Characteristic embedment strength of timber parallel to the grain, fy. 
(equation (10.28); EC5, equation (8.15)) 

The equation incorporates dimension factors for Mathcad: 


ae 
Sank = 0.082 - G ; ~) -(d-mm!)-°3N mm? fink = 19.4N/mm? 
g 
Characteristic embedment Sonik = fark Snik = 19.4 N/mm? 
strength of the headside 
timber, fp.1& 
Characteristic embedment Stork = Sank Sn2x = 19.4 N/mm? 


strength of the pointside 
timber, f.2.k 


. Yield moment of a nail 
Characteristic yield moment of 
anail, My rk 

(Table 10.5 (ECS, 

equation (8.14)). 


mm? -1)2.6 3 
Myra = 0.3: ( fo SS") -(d-mm y?- Nmm My rx = 4.17 x 10°? Nmm 
(The equation incorporates dimension factors for Mathcad.) 


. Withdrawal resistance 


tpoin é 
Nail pointside penetration/nail pon = 8.66 ie. less than 12 d 
diameter: ¢ 
(10.8.1 (ECS, 8.3.2(7))) 
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t 
Nail headside penetration/nail diameter Fi = 10.75 i.e. less than 12 d 


(10.8.1 (ECS, 8.3.2(7))) 


Characteristic pointside withdrawal strength, /p,, , 
(10.8.1 (ECS, 8.3.2(6)&(7)), (The equation incorporates 
dimensional factors for Mathcad.) 


t é 
Pointside penetration factor, Dp Dp = ( fo os 2) 


oy 2 
Pax = 20 x 10°°- (a ~) - (Dp): Nmm~ JPaxk = 0.38 N/mm? 


Characteristic withdrawal strength in headside member, fh,, , 
(10.8.1 (ECS, 8.3.2(6)&(7)), (The equation incorporates 
dimensional factors for Mathcad.) 


t 
Pointside penetration factor, Dh Dh= (5 - 2) 


3\2 
fityx. = 20 x 10°° - (a ~) -Dh-Nmm~ flax. = 1.59 N/mm? 


Characteristic headside pull-through strength, fheaa.k 
(equation (10.59) (ECS, (8.26)) (The equation incorporates 
dimensional factors for Mathcad.) 


ax 2 
freak = 70510? (a : ~) -Nmm~” foead.k = 8.09 N/mm? 


Characteristic withdrawal capacity of 
nail, Fax.rk, is lesser of equations 
(10.57) 

(ECS, equations (8.24)) 


Fax Rk1 = fPaxk -d- tpoint Fax Rk1 = 36.88N 
and Fax. ria = flax dt + fheaak - dh Fax. rk. = 651.17 N 
therefore Fax Rk = min(Fax.Rk1> Fax Rk2) Fax. Rk = 36.88 N 


10. Load-carrying capacity of the connection 
For a timber-to-timber joint with nails in single shear, the characteristic lateral 
resistance per shear plane is the lesser of equations (10.1) to (10.6) in Table 10.2 (ECS, 
equations (8.6)) where 
_ fr2k 
frik 


Failure mode (a): Fyrka = faik ti: d Fy rka = 2.34 x 10° N 


p=1 and t2 = fpoint 
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Failure mode (b): Fyrxwo = fhok:to-d Fy rep = 1.88 x 10° N 


Failure mode (c): 


— Snag tied t t\’ t\’ t Fax Rk 
pment | Io sam-[ist+(2) ]+e-(2) --[+()]]+ F 


Fy rkc = 892.71N 


Failure mode (d): 


_ Shak thd oie 4. B-(2+ B)- Myrx Fax Rk 
Fyrka = 1.05 248 FE B-UA+B)+ Fee ae q + 4 


Fyrka = 945.53 N 


Failure mode (e): 


Sark hd 4-B-(1+2- B)- Myr Fax Rk 
Pygs 105 ope py fi 
.Rk. 142-2 B? -( B) Heed B 4 


Fyrke = 812.12 N 


Failure mode (f): 


Fas = 1s. /=2am epee Fy rkt = 856.09 N 


Limiting Fx.rx/4 to 15% of the Johansen part of the relevant equations — 
consider only modes (e) and (f) as possible limiting values 
(10.3.5.3, (ECS, 8.2.2(2)) 


Failure mode (e): 


er 4 Se ee || Up cad cating Bae PYM ge 
Fy Ree = 1.15 - 1.05 14+2-B Fe B qd T B) 1 Aimee oa A 


Fy rkce = 923.34 N 


Failure mode (f): 


Fy exe = 1.15-1.15- [28 »(2- Myr: frtk > @) Fy rxt = 973.91 N 
The characteristic lateral resistance per shear plane per nail, Fy rx, will be 
Fyrk = min(y rear Py Ribs Fyre: Pv rkds Py Res Pv.rkts Pv. rkccr Fy.rktt) 
Fyrx = 812.12 N 
i.e. failure mode (e) 
The design resistance per nail per shear Fy ra = Kmod.med * Fv.Rk 


plane, Fy ra YM.connection 
Fy ra = 499.77 N 
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Fi 


Number of nails required per side, Npails = ——— Naails = 8.63 
Fyra +2 

Naails 

Adopt nine nails per side, M1 paits Nl pails = CeilCNnaits) Nl pails = 9 


11. Nail spacing (see Figure E10.13.1(b)) 
Table 10.8 (ECS, Table 8.2) 


Angle of load relative to the grain, a=0 


Minimum spacing parallel to the al; =(5+5|cos(@)|)-d = aly = 33.5mm 
grain ford < 5 mm and 
px < 420 kg/m?, aly 


To eliminate the effect of nail a,=14-d a, = 46.9mm 
spacing in a row (i.e. to make 

Kep = 1 in equation (10.43) (ECS, 

equation (8.17))), from Table 10.12 

(ECS, Table 8.1), ay: 


Minimum spacing perpendicular to a,=5-d ay = 16.75mm 
the grain, a2 


Minimum loaded end a3, = (10+ 5cos(a))-d a3 = 50.25 mm 
distance, a3 


Minimum unloaded edge a4¢=5-d a4. = 16.75mm 
distance, a4. 


Adopt the layout as shown in Figure E.10.13.1(b). 


5): 
— 


47 
<—_> 


47 
<> 


55 
<> 


Fig. E10.13.1(b) 


Example 10.13.2 A timber-plywood gusset plate apex joint for the connection shown in Figure 
E10.13.2 is to be designed using 12-mm-thick Finnish birch plywood with a characteristic 
density of 630 kg/m? and fixed with the face grain horizontal. The joint fasteners are 3.00 mm 
diameter by 50 mm long smooth round wire nails, fixed without pre-drilling, with a tensile 
strength of 650 N/mm* and act in single shear. The timber members are strength class C18 to 
BS EN 338:2003 and the sizes are as shown in Figure E10.13.2. The joint will function under 
service class 2 conditions. The joint is subjected to design loading as shown, arising from a 
combination of permanent and medium-term variable actions. 
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Design the connection to comply with the requirements of EC5. (There is no requirement to 
check the strength of the timber.) 


Member 2 


5k 5 kN 
a aa rs 
Member | Plywood gusset 
plate 
Member 1: 100 mm by 50 mm thick LkN 
Member 2: 125 mm by 50 mm thick 
Fig. E10.13.2(a) 
1. Geometric properties 
Plywood: 
Thickness of each plywood gusset tf = 12.0mm 
plate, ¢, 
Timber: 
Thickness of the timber, #, t, = 50mm 
Width of timber member 1, h; h, = 100mm 
Width of timber member 2, h2 hy = 125mm 
Cross-sectional area of member 1, A, A; =h-t Aj =5~x 1073 m? 
Cross-sectional area of member 2, A> Ar. =h)-t, Ay = 6.25 x 1077 m? 
Nail diameter, d d= 3.0mm 
Nail head diameter, d, dy = 2.25-d dy = 6.75 mm 
Nail length, nai £nail = 0mm 


Nail pointside penetration, fpoint toint = Lnail — tp — tpoinr = 38 mm 
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Minimum penetration of nail in inner 
member, fpoint.pen 


(10.3.5.1(1) (ECS, 8.3.1.2(1))) 


2. Timber and nail properties 


Epoint.pen = 8-d tooint.pen = 24mm 


tpoint.pen 


= 0.63 Ratio less than 1, 


ie. OK 


tpoint 


Minimum nail penetration criteria met 


Table 1.3, strength class C18 (BS EN 338:2003(E), Table 1) 


Characteristic density of the timber, px 


Px = 320 kg/m? 


Table 1.9, 12-mm-thick Finnish birch plywood 


Characteristic tensile strength at 90° to 
the face grain direction, fpt.90 


Characteristic compressive strength 
parallel to the face grain, fp.c.0.k 


Characteristic compressive strength 
perpendicular to the face grain, fy.c.90.k 


Characteristic density of the plywood, 
Ppk 
Nails: 


Tensile strength of a nail, f, 


3. Partial safety factors 
Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for plywood 
Material factor for connections 


4. Actions 
Design action in member 1, Fa. 


Design action in member 2, Far 


5. Modification factors 
Factor for medium-duration loading and 


service Class 2, Kmod.med 
(Table 2.4 (EC5, Table 3.1)) 


Bearing factor, k..99 
(equation (4.22) (ECS, 6.1.5 (1))) 


6. Embedment strength of timber 


fo.90.k = 35.0 N/mm? 
foc.0k = 27.7 N/mm? 
fp.c.90.k = 24.3 N/mm2 


Ppk = 630 kg/m? 


fa = 650 N/mm? 


YM.plywood = 1.2 


YM.connection = 1.3 


Fa, = 1KN 
Fa2 = 5KN 


kmod.med = 0.80 


k.o9 = 1 


Characteristic embedment strength of timber parallel to the grain 


(equation (10.28); EC5, equation (8.15)) 
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(The equation incorporates dimension factors for Mathcad.) 
m° —1)-0.3 ~2 2 
Sak = 0.082 - (o . ) -(dmm_) -Nmm Snx = 18.87 N/mm 
g 


Characteristic embedment strength of the plywood, fh,p,k 
(Table 10.6 (ECS, equation (8.20)) 


m? =1)-0.3 -2 2 
Sap&k = 9.11 - (on : ~) -(dmm ~) -Nmm Sap& = 18.87 N/mm 
g 
. Yield moment of a nail 
Characteristic yield moment of a nail, 
My rk = mm? ~1)2.6 
(Table 10.5 (ECS, equation (8.14))) Myre = 03 (4 ag ee Se 
(The equation incorporates dimension My rx = 3.39 x 10? Nmm 


factors for Mathcad.) 


. Withdrawal resistance 


tpoin : 
Nail pointside penetration/nail diameter a = 12.67 ie. more than 12d 
(10.8.1 (ECS, 8.3.2(7))) 


Nail headside penetration/nail diameter 
(10.8.1 (ECS, 8.3.2(7))) 


t, 
7 =4 ie. less than 8d 


Characteristic pointside withdrawal strength, /p,, , 
(10.8.1 (ECS, 8.3.2(6), (7))) (The 

equation incorporates dimensional 

factors for Mathcad.) 


Ppoini 

Pointside penetration factor, Dp Dp = (= - 2) 

3,2 

~6 ai -2 2 

Pax; = 20 x 10™- (a : ~) -Dp-Nmm JPax. = 2-05 N/mm 

g 
Characteristic withdrawal strength in headside member, fnh,, , 
(10.8.1 (ECS, 8.3.2(6), (7))) (The 
equation incorporates dimensional 
factors for Mathcad.) 


t 
Headsideside penetration factor, Dh Dh= (44 _ ) 
3\ 2 
<6 m =) 9 
Shax, = 20 x 10™- (om . ~) -Dh-Nmm lax x = ON/mm 


Characteristic headside pull-through strength, fheaak 
(equation (10.59) (ECS, (8.26)) (The equation incorporates 
dimensional factors for Mathcad. 
~6 m3\° ~2 2 
Theadx.k = 70 x 10° - (on . =) -Dh-Nmm Theadk = 27.78 N/mm 
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Characteristic withdrawal capacity of nail, Fix Rk, iS 
lesser of equations (10.57) (EC5, equations (8.24)) 


Fix Rk. = fPaxk -d- tpoint Fix rk.) = 233.47N 
and Fax rk.2 = Maxx dtp + freaak dz; Faxrk2 = 1.27 x 10°N 
therefore Fark = Min(Pax.rk.1, Fax.rk.2) Fax rk = 233.47N 


9. Load-carrying capacity of connection 
For a plywood-to-timber joint with nails in single shear, the characteristic lateral 
resistance per shear plane is the smallest value of equations (10.1)—(10.6) in Table 10.2 
(ECS, equations (8.6)) where: 


_ Sink 


= 6 = 0.38 and ty = thoint and t= 
Spx 
Failure mode (a): Fyrka = fapk-ti-d Fy rka = 1.79 x 10° N 
Failure mode (b): Fyrkb = fnk:>t-d Fy rkb = 2.15 x 10° N 


Failure mode (c): 


_ Srpk tid bh (b\ t\” t Fax Rk 
Furwe = Tyg eae E oi) je (7) aa [+(2)] 8 


Fi rkc = 913.27N 


Failure mode (d): 
Sapk ot -d 4-B-(2+ B)- Myrx Fax. Rk 
Fy rkda = 1.05 - ———_ 2-6B-GA+6)+ + 
Rkd 248 B-G+8) re B 
Fy rk.a = 764.N 


Failure mode (e): 
feed Aap CDs pls Moke Pike 
Fyrke = 1.05 - ————__.-] _/2-p?-(1+ B)+ ae 
Rk. 1426 B°- (1+ B) ey B a 
Fy rke = 1.02 x 107° N 


Failure mode (f): 


ax.Rk 


2-B F 
Fy, = 1.15-,./ ——~ -Q-M. : -d —— Fyrep = 916.89 N 
RkKf / 1tB ( y.Rk* Sipk > @) + 4 RK f 


Limiting Fax.rx/4 to 15% of the Johansen part of the relevant equations — 
consider only mode (d) as the limiting value 
(10.3.5.3, (ECS, 8.2.2(2)) 
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10. 


Failure mode (d): 
Sapa tid 4-B-(2+8)- Myrk 
2+ 8B frp ted 
Fy rkad = 811.48 N 


The characteristic lateral resistance per shear plane per nail will be 
Fyrk = min(Py eka, Py.rkbs Py. rkecs Pv.rk.ds Fyre Pv.rkt> Pv.rk.dd) Fy rk = 764N 
i.e. failure mode (d) 
‘ a 3 kmod.med . Fy Rk 
The design resistance per nail per Fy rq = — Fy ra = 470.15 N 
shear plane, Fy ra YM.connection 


Number of nails for member 1 
connection per shear plane: 


F. 
Number of nails required per Nl pails = a 5 Nlnails = 1.06 
side, NInaits Fura: 
For a symmetrical nailing pattern NI nails = ceil(N1 pais) Mnyaits = 2 
adopt 2 nails per side 
Number of nails for member 2 
connection per shear plane: 
F. 
Number of nails required per N2npails = F ia 5 N2nails = 5.32 
side, N2pails ee 
For a symmetrical nailing pattern = N2naiis = Cceil(N2 nails) N2nails = 6 
adopt six nails per side 
Check strength of plywood gusset plates 
Strength of gusset plates at connection with member |: 
(can ignore the loss of area due to nail holes) 
Tension force taken by gusset Fa, = 1x 10°N 
plates, Fu. 
F. 
Design tensile stress in gusset op\to0a = ee oP\to0.a = 0.42 N/mm? 
(tp hy 


plates — assuming a conservative 
tensile stress area = 2(t x h)), 


oplto0d 

j 7 Kmod.med Z fp1.90.k 
Design tensile strength of gusset FP1,90.4 = ——— 
plates, FP 190.4 YM.plywood 


fP|j90.4 = 23.33 N/mm? 


i.e. stress is less 
than strength; OK 


Strength of gusset plates at connection with member 2: 
(can ignore the loss of area due to nail holes) 
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Compression force taken by gusset F24 = 4.19 x 10°N 


plates, Fy. cos(33°) 


F2, = Fao : cos(33°) 


F2 
Design compressive stress in oPp2.004 = = 
1 = : 2+ (tp +h) 
gusset plates — assuming a 
conservative stress area OP2.00.4 = 1.4 N/mm? 
= (tp x h2), 02:90. 
Design compressive strength 
of gusset plates, fPcu.a 
(equation (5.14); ECS, 
equation (6.16)) 
kno med ° c.90. 
fP2.90.4 = oedniel SISk FP2¢.90.4 = 16.2 N/mm? 
YM.plywood 
kmo -med * .c.0. 
Ppdigg = es ae f P20 = 18.47 N/mm? 
YM.plywood 
_ FP2..0.4 = 2 
Pew _ f Peco I PRiéa = 17.73 N/mm 


Keo: FP2e00a : sin(33 : deg)? + cos(33 é deg)? 


i.e. stress is less than strength, OK 
11. Nail spacing (see Figure 10.13.2(b)) 


Table 10.8 (EC5, Table 8.2) incorporating the requirements of EC5, 8.3.1.3(1) and 


(2) for nailed panel connections: 
Angle to timber grain 


Angle to plywood face grain 
relative to timber grain 


Minimum spacing parallel to 
grain ford < 5 mm and 
Px < 420 kg/m?, al, 


To eliminate the effect of nail 
spacing in a row (i.e. to make 

Kep = 1 in equation (10.43) (ECS, 
equation (8.17))), from Table 10.12 
(ECS, Table 8.1), a, 


Minimum spacing perpendicular to 
the timber grain and the plywood 
grain, az 

Minimum loaded end distance for 
timber, a3 


Minimum unloaded end distance for 
timber, a3, 


Minimum unloaded edge distance 
for timber, d4¢ 


a =0-deg 
ay = 33 - deg 


al, = 0.85 - (5+ 5| cos(@)|)-d 


al, = 25.5 mm 
a, = 14-d a, = 42mm 
dy = 0.85.5 -d a) = 12.75 mm 


a3, = (10+ 5cos(a@)) -d 
a3, = 45mm 


a3.0 = 10-d a30 = 30mm 


a4c = 5-d a4.c = 15mm 
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Minimum loaded end and edge ap3, = (3+ 4sin(ap)) - d ap3, = 15.54mm 
distance for plywood, ap3, 


Minimum loaded edge distance for ap1l;,= (3+ 4sin(90°))-d apl3,=21mm 
plywood when loaded at 90° to the 
grain, ap3, 


Minimum unloaded end andedge ap,,=3-d ap4, = 9mm 
distance for plywood, ap, ; 


Fig. E10.13.2(b) 


Example 10.13.3 The five-member single-bolt (12 mm diameter) joint of a truss function- 
ing in service class 2 conditions and supporting medium-term variable loading is shown in 
Figure E10.13.3. All members are 150 mm wide C18 timber to BS EN 338:2003 and the mem- 
ber thicknesses are as detailed below. The design forces in the members are a combination of 
permanent and medium-term variable actions. 

Check that the joint complies with the design requirements of EC5. (There is no requirement 
to check loaded end and edge distances.) 


Data: 

Member Thickness Force Design value 

1 t;) =50mm _ Ineachmember 2.5 KN in tension 

2 t2=50mm _ Ineachmember 1.444 kN in compression 
3 tj} = 70mm _ In member 2.887 KN in tension 


Tensile strength of the bolt fu. = 400 N/mm? 
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Characteristic density of the timber px = 320 kg m? 


Member 3 Member 2 Shear plane (1) Shear plane (2) 


Member 1 12321 


Five-member connection End view 


Fig. E10.13.3 


1. Geometric properties 


Thickness of members 1, ty t; = 50mm 
Thickness of members 2, ty to = 50mm 
Thickness of member 3, £3 tz = 70mm 
Member width (all members), 1 h= 150mm 
h 
Loaded edge distance, h. h, = 5 h., = 75mm 
Bolt diameter, d d= 12mm 
Tensile stress area of the bolt, Ap Ap = 84.3 mm? 


2. Timber and bolt properties 
Table 1.3, strength class C18 (BS EN 338:2003(E), Table 1) 


Characteristic strength perpendicular to fe90k = 2.2N/mm? 
the grain, fc.00 


Characteristic density of the timber, px Px = 320 kg/m? 
Characteristic strength of the bolt, fax fuk = 400 N/mm? 


3. Partial safety factors and modification factor 
Table 1.6 (UKNA to BS EN 1995-1-1, Table NA.3) 
Material factor for connection, YM.connection = 1.3 


YM.connection 
Material factor, yy ym = 1.3 
Factor for medium-duration loading and — kimod.mea = 0.80 


service Class 2, kmod.med 
(Table 2.4 (ECS, Table 3.1)) 
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4. Actions 
Design action in member 1, Fy.a1 Fya1 = 2.5kN 
Design action in member 2, Fy.4.2 Fya2 = 1.444kN 
Design action in member 3, Fy.43 Fya3 = 2.887kN 
5. Strength of shear planes in joint 
Embedment factor for softwood, kog koy = 1.35 + 0.015 -dmm! 
(Table 10.7, (ECS, equation (8.32))) kog = 1.53 


Characteristic embedment strength of timber parallel to the grain, fp,0,x 
(equation (10.35); EC5, equation (8.32))) 


(The equation incorporates dimension factors for Mathcad.) 
3 


frok = 0.082 - (1 — 0.01-dmm7!)- (a : ~) -Nmm7 


Sh. = 23.09 N/mm? 
Shear plane force and its angle relative to the grain: 


Design force in shear plane 1, Fy spa = Fy. Fy sp. = 2.5 X 10°N 


Angle of shear plane | force relative to A. = 0- deg 
the grain direction in member | in the 
joint comprising members 1,2,1, 01.2 


Angle of shear plane | force relative to 62,1 = 30- deg 
the grain direction in member 2 in the 
joint comprising members 1,2,1, 2 


Design force in shear plane 2, Fy sp.2 
0.5 
Fy sp.2 = [Foe ri Fya2 - cos(30 . deg))? + (Fy.a2 : sin(30 . deg))?| 
Fy sp.2 = 1.44kN 


To obtain angle of shear plane 2 force 
relative to the horizontal plane: 


Horizontal component 


Fy sp.2.h = Fyai — Pyar: cos(30 : deg) Fy sp.2.n = 1.25kN 
Vertical component 
Fy sp.2.v = —fy.d.2° sin(30 . deg) Fy sp.2.v = —0.72kN 


Angle of shear plane 2 force relative to 


the horizontal plane 


180 
angle(Fy sp.2.hs Fy sp.2.v) ; ae = 330 


Angle of the shear plane 2 force relative 62.3.4 = 60- deg 
to the grain of member 2 in the joint 
comprising members 2,3,2, 02.3.4 


Angle of the shear plane 2 force relative 635, =0-deg 
to the grain of member 3 in the joint 
comprising members 2,3,2, 03.2.4 
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Angle of the shear plane 2 force relative 632, =0- deg 
to the grain of member 3 in the joint 
comprising members 3,2,3: 63.9.5 


Angle of the shear plane 2 force relative 62.3.5 = 60- deg 
to the grain of member 2 in the joint 

comprising members 3,2,3: 02.3.5 

Embedment strength of the timber: 

Of member 2 in joint 1,2,1, fres2% 


Sh.0.k 
Koo - sin(61.2)2 + cos(6}.2)” 


So12k = 


Of member 2 in joint 1,2,1, fho21+ 


Sh.0.k 
og « sin(O2.1)2 + cos(62.1)? 


Sro21k = 


Of member 2 in joint 2,3,2, fh.o23.ak 


fn.0.k 


Koo « sin(92,3.a)? + cos(623.a)” 


Sr623.ak = 


fn.0.k 


Koo « sin(93,2.a)? + cos(63.2.a)” 


Sr63.2.a0k = 


f.0.k 


koo + sin(63.2.»)* + cos(63,2.5)* 


Sh.6.3.2.0.k a 


Of member 2 in joint 3,2,3, fh.o.2.3.b 


f.0.k 


kog - Sin(623,5)? + cos(O2.3.b) 


Si.6.2.3.0.k = 


Characteristic yield moment of My rx = 0.3 - ( Sak: 


the bolt, My rx 

(Table 10.5 (EC5, equation (8.14))) 
(The equation incorporates dimension 
factors for Mathcad.) 


Tensile strength of the bolt, F lax rx: Flaxrk = faux: Aor 
(BS EN 1993-1-8. ignoring k factor) 


Bearing capacity of the steel plate 
(10.8.2 (ECS, 8.5.2(3)) 
Washer diameter used, d,, dy =3-d 


fro.12k = 23.09 N/mm? 
fro21k = 20.39 N/mm? 


fro23.ak = 16.52 N/mm? 


fro.23bk = 16.52 N/mm? 


2 
=) -(dmm—!)** -Nmm 


My rx = 7.67 x 10*- Nmm 


F lax Rk = 3.37 X 104 Nmm 


dy = 36mm 
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Bearing capacity of the washer Fark = 3° feo: “(a —(d+1- mm)’ | 
Pax Rk: FP 2ax Rk = 5.84 x 10° N 
(10.8.2 (ECS, 8.5.2(2))) 


Characteristic axial withdrawal capacity Fax rk = min(F'1,x r~, F2ax rk) 
of the bolt, Fax Rk: 

Fax rk = 5.84 x 10° N 
Shear plane | — strength assessment: 


Double shear joint formed from members 1,2,1. For a timber-to-timber joint with a bolt 
in double shear, the characteristic lateral resistance per shear plane is the smallest value 
of equations (10.7)—(10.10) in Table 10.2 (EC5, equations (8.7)), where: 


Ratio of the embedment strength Sn62.1k 

of member 2 to member 1, f2.1 Boi = Foot B21 = 0.88 
Failure mode (g): 

Fyrki = fhoi2k-t-d Fy rk = 13.85kN 
Failure mode (h): 

Fyrk2 =0.5+ fhorik+t-d Fyrk2 = 6.12kN 


Failure mode ()): 


Srotrk: td 4+ Boa + (2+ B21) + My rx Fax. Rk 
Fy .rx3 = 1.05 - ————__ - | |]2- Baa - A + faa) + Poa | + 
2+ Bor ; froion:te-d 


Fy rk3 = 7.65 kN 


Failure mode (k): 


1+ 
Check mode (j) based on 25% of Johansen load 
Snot2k td 4+ Boi + (2+ Bor): Myr 
Fyrx33 = 1.25- 1.05 - ——_—__.. 2+ Boi-( . : 
BES aa 2+ Po Fi es frotox-te-d Pa 


Fy rk3.3 = 7.74 KN 


2 Bo, 
joe Be / ae - (2+ Mype- faoioe-@)+ Fixrk Freres = 13.11KN 
2.1 


All modes are possible and the minimum characteristic strength of shear plane | is: 
Fyrki2 = min(Fy rks Pv.rk2, Fv.rk3s Pv.rk4, Pv. rk3.3)  Fy.rk.12=6.12KN (mode (h)) 


Design force in shear plane 1 Fy sp.1 = 2.5 X 10°N 


k, 
Design capacity of shear plane | Fy Rasi = Sel ay ane 


YM.connection 


Fy dsp. =3.76kN OK 


Design capacity of shear plane 1 exceeds the design force in shear plane 1; therefore OK. 
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Shear plane 2 strength assessment (based on 2,3,2 configuration): 


Double shear joint formed from members 2,3,2. For a timber-to-timber joint with a bolt 
in double shear, the characteristic lateral resistance per shear plane is the smallest value 
of equations (10.7)—(10.10) in Table 10.2 (ECS, equations (8.7)), where: 


Ratio of the embedment strength of £3 = Suo320k f3. = 1.4 
member 3 to member 2, £3 5 fn.6.2.3.a.k 
Failure mode (g): 

FyRkLa = S.6.2.3.0k ‘h-d Fy rkia = 9.91kN 


Failure mode (h): 
Fyrk2a=9.5- fho32ak°B-d  FyRk2a = 9.7KN 


Failure modes (j) and (k) are not compatible with Fy rx.1.2 and are not considered 
(10.7 (ECS, 8.1.3(2))) 


Minimum value for Fyrk23 = mindy ria Pvrk2a) Pyrk23 = 9.7kKN 


shear plane 2 (mode (h)) 
Shear plane 2 strength assessment (based on 3,2,3 configuration): 


Double shear joint formed from members 3,2,3. For a timber-to-timber joint with a bolt 
in double shear, the characteristic lateral resistance per shear plane is the smallest value 
of equations (10.7)—(10.10) in Table 10.2 (EC5, equations (8.7)), where: 


Ratio of the embedment strength of 623 = o.o.2.3.04 Bo3 = 0.72 
member 2 to member 3, f2,3 f.0.3.2.b.k 

Failure mode (g): Fyrk.ib = fro3.2bk°°d Fy rkib = 19.4kN 
Failure mode (h): Fyrk2b = 0.5: fro23bk td Fyre» = 4.96kN 


Failure modes (j) and (k) are not compatible with Fy rx.1.2 and not considered 
(10.7 (ECS, 8.1.3(2))) 


Minimum value for the shear plane Fy rk3.2 = min(Fy rk.1.b, Fv.Rk.2.b) 


Fy rk3.2 = 4.96 KN 
(mode (h)) 


Strength of shear plane 2 (based on minimum value for 2,3,2 and 3,2,3 configurations): 


Minimum characteristic strength of Fy rk23¢ = min(y.rxk23, Fy.rk32) 

shear plane 2, Fy rk.2.3 
Fy rk.2.3.6 = 4-96 kN 
(mode (h)) 


Design force in shear plane 2 Fy sp.2 = 1.44 x 10°N 


k, 
Design capacity of shear plane 2 FY Rdsp2 = aE 6 Fy rk23 


YM.connection 


Fy R.d.sp2 =3.05 kN 


Design capacity of shear plane 2 exceeds the design force in shear plane 2; therefore OK. 
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6. Splitting capacity of timber 
As the direction of shear plane | force relative to member | and of shear plane 2 force 
relative on member 3 is parallel to the grain of these members, timber splitting will not 
be relevant to these members. 


Splitting strength will, however, need to be investigated for member 2 in joint 1,2,1 (and 
member 2 in joint 3,2,3, which is subjected to the same loading condition): 


Splitting force in member 2 for each Fy ga = 2+ Fysp. - $in(623.2) 


joint set-up, FyEa Fy gq = 4.33 x 10°N 


Design splitting capacity of member 2, Foo Ra 
(Equation 10.41(c) (ECS, 8.1.4)) 


he. - mm! Keveoacnea 
Fora = | 14-—-mm!- | — ae 


N Foo.ra = 5.28 x 10° N 


Splitting capacity of member exceeds the design force in the member; therefore OK. 


Example 10.13.4 The timber truss shown in Figure E10.13.4 functions in service class 2 condi- 
tions and supports a combination of permanent and medium-term variable loading. The loading 
from the roof structure is applied uniformly along the top boom members of the truss and the 
effect of the self-weight of the truss can be ignored. The truss joint at node B comprises five 
members connected by two 16 mm diameter mild steel bolts fitted with washers compliant with 
the requirements of EC5. Members | are 225 mm deep by 47 mm thick, members 2 are 175 
mm deep by 47 mm thick, and member 3 is 200 mm deep by 37 mm thick. Members | are of 
strength class C22, and members 2 and 3 are of strength class C18, in accordance with BS EN 
338:2003. The contribution to the load-carrying capacity of the joint by each bolt due to the 
rope effect can be taken to be 15% of the Johansen part of the relevant strength equations given 
in ECS. 

Confirm that the joint will comply with the requirements of EC5 at the ultimate limit states 
(ULS). (There is no requirement to check spacings, edge and end distances.) 


Data: 

Member Thickness Force Design value 

1 t, = 47mm In each member AB 13.92 KN in compression 
In each member BC 8.7 kN in compression 

2 ty = 47mm In each member 7.382 KN in compression 

3 tj = 37mm In member 3.48 kN in tension 


Design load at node B from the loading on the roof members = 6.96 kN 
Characteristic density of member | timber p1, = 340 kg/m? 
Characteristic density of member 2 timber 2, = 320 kg/m? 
Characteristic tensile strength of the bolt fix = 400 N/mm? 
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AAA AA AAA AAA AAA AA DA AA SRA E AL 


Node B 
Truss support Truss support 


(a) Elevation on timber truss 


Bolt Shear plane 2 j Pernt 
eae | 
ositions ; 
Member 1 P Shear plane 1 
iC Bo ON 


16-mm-diameter 
bolts 


Member 2 
All member centre 
lines intersect at this 
point 
Member 3 
100:100 
KS 
(b) Elevation on node B (c) Side elevation on node B 
All dimensions are in mm 
Fig. E10.13.4 
1. Geometric properties 
Thickness of members 1, ty t; = 47mm 
Thickness of members 2, ty tp = 47mm 
Depth of member 1, hy = 225mm 
Depth of member 2, h2 hy = 175mm 
Thickness of member 3, f3 tz = 37mm 
Bolt diameter d d= 16mm 


Number of bolts, n n=2 
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2. Timber and bolt strength properties 
Table 1.3, strength class C22 and C18 timber (BS EN 338:2003(E), Table 1) 


Characteristic density of member | pl, = 340 kg/m? 
timber, (x 


Characteristic density of members 2 and 2, = 320 kg/m? 
3 timber, 02, 


Stength of bolt: 


Characteristic tensile strength of fux = 400 N/mm? 
bolt, fax 


3. Partial safety factors and modification factor 
Table 1.6 (UKNA to BS EN 1995-1-1, Table NA.3) 


Material factor for connection, y 4 ym = 1.3 
ECS: Part 1.1, Table 3.1 


Factor for medium-duration loading and Kmod.med = 0.80 
service Class 2, Kmod.med 
(Table 2.4 (ECS, Table 3.1)) 


4. Actions 
Design action in member AB, FAB, ¢; FABy.¢1 = 13.92kN 


Design action in member BC, FBC\.a1  FBCy41 = 8.7kKN 


Resultant horizontal design action in Fy.a.1=FABy.4.1—FBCy.4.1 
each member | at B, Fy.a1 Fy 41=5.22kN 


Design vertical action ineach member 1 FVy4.1 = 3.48kN 
at B, FVv.ai 


Design action in each member 2, Fya2 = Fy.a2 = 7.382 KN 
Design action in member 3, F, 43 Fy a3 = 3.38kN 


5. Strength of shear planes in the joint 
Embedment factor for softwood timber, Ko = 1.35 + 0.015 -d mm! 


Koo 
(Table 10.7, (EC5, equation (8.32))) keg = 1.59 


Characteristic embedment strength of member | parallel to the grain, f1nox 
(equation (10.35); EC5, equation (8.32)) 
(The equation incorporates dimension 


factors for Mathcad. 
3 


Fly.o.c = 0.082 - (1 — 0.01 -d mm") - (on ~) -Nmm~? flnox = 23.42 N/mm? 
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Characteristic embedment strength of members 2 and 3 parallel 
to the grain, /2,, 9, (equation (10.35); EC5, equation (8.32)) 
3 


f2n0% = 0.082 - (1 — 0.01-d mm") - (or . ~) -Nmm~? f2h.o.k = 22.04 N/mm? 
g 


Shear plane force and its angle relative to the grain (in radians): 


Design force in shear plane 1 (between Fy.sp.1 = (F2 4, + FV2 ay? 
member | and member 2), Fy sp.1 Fyap = 6.27KN 


180 
Angle of shear plane 1 force relative to 061.2. = angle(Fy.a1, FVv.a.1) > — 
4 


the grain direction in member | in the 
joint comprising members 1,2,1, 6). 61.2 = 33.69 
(in degrees) 


Angle of shear plane 1 force relative to 62, = 45 — 0).2 62, = 11.31 
the grain direction in member 2 in the 

joint comprising members 1,2,1, 02.1 

(in degrees) 


Design force in shear plane 2, Fy sp.2 
Fy sp.2 = [Fy .sp.1 - cos(1.2 - deg) =z Fy sp.2 . cos(45 : deg))? ae (Fy.sp.1 : sin(}.2 deg) = Fy sp.2 5 sin(45 deg))]°> 
Fy sp.2 = 1.74KN 


Angle of shear plane 2 force relative to 
the horizontal plane in the joint 
comprising members 2,3,2 


Horizontal component, Fy sp.2.n 


Fy sp.2.n = Fy.sp.1 + COS (01.2 - deg) — Fy.a2 - cos(45 - deg) Fy sp.2.h = 1.38 x 10-* KN 
Vertical component, Fy sp.2.v 
Fy sp.2.v = Fyv.sp.1 * sin (91.2 - deg) — Fya2- sin(45 - deg) Fy sp.2.v = —1.74kN 

180 


Angle of shear plane 2 force relative angle(Fy sp.2.n, Fv.sp.2.v)*° —— = 270 
to the horizontal plane (in degrees) a 


Angle of the shear plane 2 force relative to the grain of member 623.4 = 45 
2 in the joint comprising members 2,3,2, 02.3.4 


Angle of the shear plane 2 force relative to the grain of member 6394 =0 
3 in the joint comprising members 2,3,2, 03.2.4 


Angle of the shear plane 2 force relative to the grain of member 6325 =O 
3 in the joint comprising members 3,2,3, 63.2.5 


Angle of the shear plane 2 force relative to the grain of member 6335 = 45 
2 in the joint comprising members 3,2,3, 02.3.5 


Embedment strength of the timber: 


Of member 1 in joint 1,2,1, fies. 


flo. 
kog - sin(@1.2 - deg)? + cos(@;.2 - deg)? 


fh.61.2k = fro.i2k = 19.82 N/mm? 
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Of member 2 in joint 1,2,1, fre21 


f2h.0.k 
og - sin(@2., - deg)? + cos(62,, - deg)? 


Sro21k = fro... = 21.55 N/mm? 


Of member 2 in joint 2,3,2, fho23.ak 


Prox 
Koo « sin(O2.3.a + deg)? + cos(@2,3.. - deg)? 


Sr623.ak = 


Of member 3 in joint 2,3,2, fh.o3.2.ak 


f2n.0.x 


ak = 22.04 N/mm? 
koo - Sin(63,.2.. - deg)? + cos(63,2.. - deg)? fn.6.3.2.ak /mm 


Sro3.2.ak = 


f2nok 
kog - sin(63.2.» - deg)? + cos(93.2.5 + deg) 


S.63.2.bk = fr.3.2.bk = 22.04 N/mm? 


Of member 2 in joint 3,2,3, fh.o.2.3.b 


f2nok 
koo - sin(@2,3,» - deg)? + cos(@2,3,.p - deg)? 


: d \?5 
Characteristic yield moment of a bolt, My rx = 0,3- ( Fuk ) . ( ) -Nmm 


mm 


Sh.6.2.3.b.k = 


2 
My rk N/mm 
(Table 10.5 (EC5, equation (8.14))). 
(The equation incorporates dimension My rx = 1.62 x 10° N mm 


factors for Mathcad.) 
Shear plane | — strength assessment: 


Double shear joint formed from members 1,2,1. For a timber-to-timber joint with a bolt in 
double shear, the characteristic lateral resistance per shear plane is the smallest value of 
equations (10.7)—(10.10) in Table 10.2 (ECS, equations (8.7)), where: 


Ratio of the embedment strength of Boi = Sori Bo, = 1.09 
member 2 to member 1, f2.1 Si.6.1.2.k 
Failure mode (g): Fyrki = fnor2k tid 

Fyrk1 = 14.91kN 
Failure mode (h): Fyrw2 =90.5- fro2ik:t-d 

Fy rk.2 = 8.1kN 


Failure mode (j), incorporating 15% for the axial 
strength of the bolt 


Srot2rk: td 4+ Boy + (2+ Boi): Myr 
Fyrx«3 = (1.15) - (1.05) - ———____ . 2.Po1°-C k : 
rk3 = (1.15) - (1.05) 2+ Bu Fi Boi + (+ Boi) + iamewod Bo. 


Fy rk3 = 9.78 KN 


Failure mode (k), incorporating 15% for the axial strength of the bolt 


2+ Boj 
1+ Boy 


Fy rka = (1.15)- (1.15) - i *(2- Myrx: fno.i2k: d) Fy rk4 = 13.69kN 
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All modes are possible and the minimum = Fy rk. 1.2 = min(Fy rk, Fy.rk2> Fv.rk3, Fv.rk4) 
characteristic strength of shear plane 1| 


peEPon Foaag= 81 <10N 


(mode (h)) 
Effective number of bolts when loaded parallel to the grain direction in member 1, neg: 


Spacing of bolts parallel to the grain, a; a, = 90mm 


0.25 
Effective number of bolts based on Net = min E n°? (=) 
equation (10.45), (ECS, equation 3d 
(8.34)), Neg Nef = 1.51 


Design capacity of shear plane 1, 


Fy Rasp.1 
(10.4.1.3c (ECS, 8.5.1.1(4))) 


0 
- Fyrcio + Me — (n— net) oo) Fy rasp. = 8.46kN 


mod.med 
Fy Rasp.1 Sa eal 


M 
Design force on shear plane 1, Fy sp. Fy sp.1 = 6.27kKN 


Design capacity of shear plane | exceeds the design force in 
shear plane 1; therefore OK 


Check horizontal component in shear plane 1, using the effective number of bolts: 


Horizontal component of shear plane 1 foaa = 5.22kN 
force in the connection, fv.a.1: 


Safe approximation of connection Fyr« = 0.5: fho23.ak >t: d- ner 
strength parallel to the grain, Fy rx 


Kmod.med 


Design capacity Fyra = FY Rk 


YM 
F, ra = 5.96 x 10° N 


Design capacity when loaded parallel to the grain exceeds the horizontal component of 
the design force in shear plane 1; therefore OK. 


Shear plane 2 strength assessment (based on 2,3,2 configuration): 


Double shear joint formed from members 2,3,2. For a timber-to-timber joint with a bolt 
in double shear, the characteristic lateral resistance per shear plane is the smallest value 
of equations (10.7)—(10.10) in Table 10.2 (ECS, equations (8.7)), where 


Ratio of the embedment strength of B32 = Sho.3.2.0 P32 = 1.3 
member 3 to member 2, 3.2 Si.6.2.3.0.k 
Failure mode (g): Fyrktia = fh6.23.ak*t-+d 

Fyrkia = 12.8kN 
Failure mode (h): Fyrk2a = 95+ fho32ak°3-d 


Fy rk2.a = 6.52kKN 


Failure modes (j) and (k) are not compatible with Fy rx 1.2. and are not considered 
(10.7 (ECS, 8.1.3(2))) 


Minimum value for shear plane 2 per bolt, Fy.rx.2.3 


Fyrk23 = min(Fy rktas /V.Rk2.a) Fy rk.2.3 = 6.52 KN (mode (h)) 
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Shear plane 2 strength assessment (based on the 3,2,3 joint configuration): 


Double shear joint formed from members 3,2,3. For a timber-to-timber joint with a bolt 
in double shear, the characteristic lateral resistance per shear plane is the smallest value 
of equations (10.7)—(10.10) in Table 10.2 (ECS, equations (8.7)), where: 


Ratio of the embedment strength of bo3 = Sno.23.bk B23 = 0.77 
member 2 to member 3, f>.3 Sh.0.3.2.b4 
Failure mode (g): Fyrkib = fro32bk° +d 
Fy rkib = 13.05kN 
Failure mode (h): Fyrk2b = 9.5 + fro23.bk °° d 
Fy rk.2.b = 6.4kKN 
Minimum value for shear plane per bolt 
Fyrk32 = min(Fy rk.1.bs FV.Rk.2.b) Fy rk.3.2 = 6.4 KN (mode (h)) 


Strength of shear plane 2 (based on the minimum value for 2,3,2 and 3,2,3 configurations): 


Minimum characteristic strength of shear Fy rk234 = Min(Fy Rrk.23, Fy.Rk3.2) 
plane 2 per bolt, Fy rx.2.3.4 
Fy. rk23¢ = 6.4KN (mode (h) in configuration 3,2,3) 


Effective number of bolts acting in shear plane 2, n: 


Design capacity of shear plane 2 based 
on n bolts, Fy rd.sp.2 


mod.med 


Fy Rdsp.2 = el Fy rk23.6° 2 Fy Rdsp.2 = 7.88kKN 
M 


Design force in shear plane 2 Fy sp.2 = 1.74kN 
Design capacity of shear plane 2 exceeds the design force in shear plane 2; therefore OK. 


. Splitting capacity of the connection 
As the direction of shear plane 2 force relative to member 3 in configuration 3,2,3 is parallel 
to the grain of the member, timber splitting will not be relevant to member 3. 


The splitting strength will, however, need to be investigated for members 1 and 2 in joint 
1,2,1. There is no need to check member 2 in joint 3,2,3 as the loading and geometrical 
configuration of the connection will be the same as for member 2 in 1,2,1. 


Shear plane (1) — failure mode (h): 
1. Resultant force in shear plane (1) is at 6; 2 to the axis of member AB 


FV, 
Design shear force on each member | — Fixg= wEAG IE Fixg = 1.74kN 
from the roof loading arrangement, the 
shear force in each member on each side 


of the connection will be 


Design splitting capacity of member 1, 


Floora 
(equation 10.41(c) (ECS, 8.1.4)) 
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Distance from extreme bolt position to hAl,=— Al, = 112.5mm 
the loaded face of member 1, h1, 2 
kmod.med hl, 1.5 
Floora = ——.-]4. th: (mm “s N) Floora = 6.07kN 
YM 1— Ale 


i.e. Floo.pq exceeds F1xg; therefore OK 
2. Resultant force in shear plane (1) is at (45 — 6,2) - deg to the axis of member 2 
Design shear force on member 2 from the resultant force in shear plane (1), F2xq 
F2xq = 2+ Fysp.i + sin(45 - deg — 612 - deg) F2xq = 2.46 x 10°N 


Design splitting capacity of member 2, F299 Ra 


(equation (10.41(c)) (ECS, 8.1.4)) 
h 
Distance from extreme bolt positionto  h2. = = + 0.5 - a, - cos(45 - deg) 


the loaded face of member 1, h2, 2 
h2. = 119.32 mm 


kmod.med h2. —1.5 3 
F2o0.Rq = —— :- 14-h- hd (mm - N) F2o0.Rq = 7.84 x 10°N 
YM 1— € 


hy 


Splitting capacity of member 2 exceeds the design shear force on the member; therefore 
OK. 


Example 10.13.5 A 15.0-mm-thick plywood fascia panel with a characteristic density of 
550 kg/m? is supported vertically from a rigid base and is fixed to vertical 97 mm by 47 mm 
timber members by nails as shown in Figure E10.13.5. It is subjected to wind loading and the 
design suction force at the ULS on the panel at the timber support is 600 N/m run. The nails are 
smooth round wire, 2.65 mm diameter and 40 mm long, and the timber is strength class C18 
to BS EN 338:2003. Determine the spacing of the nails assuming the connection will function 
under service class 3 conditions. 


iad ia 47 mm 


2.65-mm-diameter — 
smooth nails 


97 mm 
| 15mm 
600 N/m 
15 mm = le 97 mms| 
Plan view Side elevation 


Fig. E10.13.5 
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1. Geometric properties 


Thickness of plywood fascia, t; t; = 15mm 

Width of timber support member, f2 tp = 47mm 

Depth of timber support member, h h=97mm 

Nail diameter, d d = 2.65mm 

Nail head diameter, d), dy = 2.25-d dy = 5.96mm 

Nail length, nai enait = 40mm 

Nail pointside penetration, tpen toen = nail — 11 toen = 25mm 
Minimum penetration of nail in inner tpoint.pen = 8+ d tooint.pen = 21.2 mm 
member, fpoint.pen tpoint.pen : d 
(10.3.5.1(1) (ECS, 8.3.1.2(1))) tn = 0.85 ratio less than 1, i.e. OK 


Minimum nail penetration criteria met 


ten 


coeff = 9.43 


Pentration of nail into timber support coeff = 
member in terms of nail diameter, coeff 
i.e. > 8d but is less 
than 12d 


2. Timber and plywood properties 
Table 1.3, strength class C18 (BS EN 338:2003(E), Table 1) 


Characteristic density of the timber, p, Py = 320kg/m3 


Plywood: 
Characteristic density of the plywood Ppk = 550 kg/m? 


3. Partial safety factors 
Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for connections YM.connection = 1.3 
4. Actions 
Design action per metre length of the Fix,4 = 600N 


plywood at the support, Fax.4 


5. Modification factors 
Factor for instantaneous duration loading = Kmod,inst = 0.9 
and service class 3, kmod,inst 
(Table 2.4 (ECS, Table 3.1)) 


6. Tensile strength of the connection 
Because there is no permanent or long-term axial loading on the connection, smooth nails 
can be used (ECS, 8.3.2(1)) 


Characteristic pointside withdrawal strength, fax. 
(10.8.1 (ECS, 8.3.2(6), (7))) 


Assuming the connection may be in a condition where it is installed near its fibre saturation 
point. (The equation incorporates dimension factors for Mathcad.) 
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t en 
Pointside penetration factor, Dp Dp = (2 2) 
2 m\7 
faxk = = 20% 10%: (a ; ~) Dp -Nmm~” faxk = 0.49 N/mm? 
g 


Characteristic headside withdrawal strength, fh,, , 
(10.8.1 (ECS, 8.3.2(6),(7))) 
(The equation incorporates dimensional factors for Mathcad.) 


t 
Headside penetration factor, Dh Dh= (4 - 2) 


2 m>\* 
lux = = 20 x 10°°. (on ~) Dh-Nmm~? fltax. = ON/mm? 


Characteristic headside pull-through strength, fheaa.k 

(equation (10.59); EC5, equation (8.26)) 

Assume the connection may be in a condition where it is installed near its fibre saturation 
point. (The equation incorporates dimension factors for Mathcad.) 


2 m ° 
fread = 3°70 x 10. (c ) “N/mm? Feat = 14.12 N/mm? 


Characteristic withdrawal capacity of nail, Fax.rk , is lesser of equations (10.57) 
(ECS, equations (8.24)) 


Fax Rk = tame -d- ten Fax Rk. = 32.43N 
and Faxrk2 = fltaxk +d +t + fread * 4 Fix. rk. = 501.87N 
therefore Fax. Rk = min( Fax. Rk.1 Fax rk.2) Fix rk = 32.43N 
Kaeding 
Design strength of a nail in tension, Fax Rd = — Fax Rk 


YM, correction 


Fax ra = 22.45N 


Fix 
Number of nails required per metre, n n= ceil (; if ) +1 n=28 
ax.Rd 


: . i ; 1000 
Nails spacing to be used, nail,, nail,, = floor {| —— 
n 
nail,, = 35 mm, c/c 


Table 10.8 (ECS, Table 8.2) incorporating the requirements of EC5, 8.3.1.3(/) and (2), 
for nailed panel connections: 


Minimum nail spacing parallel nailspmin = 0.85 - 10d 


to the grain, nail,y min nail. << = 22.52mm 
sp,min — . 


‘ ss ; nail,, - mm ; 
Ratio of actual to minimum nail con er =1.55 ie.OK 
spacing must exceed unity Nallsp,min 
Minimum unloaded edge distance for nailspe,min = 5d nailspe,min = 13.25mm 


timber, nail spe,min 
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Minimum width of timber for widthmin = 2 - nailgpe min 
connection, widthpin widthmin = 26.5 mm 
t 
Ratio of actual to minimum width of — = 1.77 ie. OK 
widthmin 


timber member must exceed unity 


The nail connection using 2.65 mm diameter smooth round nails, 40 mm long, at 62 mm 
c/c, will comply with the requirements of EC5. 


Example 10.13.6 A metal bracket made from 8-mm-thick mild steel is secured to a timber post 
by four coach screws as shown in Figure E10.13.6. The bracket provides support to a bracing 
member and is subjected to a design load at the ULS of 15 KN from a short-term tensile variable 
action at an angle of 45-deg to the vertical. The coach screws are 8 mm diameter by 130 mm long 
with a tensile strength, f», of 400 N/mm? and pre-drilling is used. The timber is strength class 
C22 to BS EN 338:2003 and the joint functions under service class 2 conditions. The tolerance 


on the hole diameter in the bracket for each coach screw is less than 0.5 mm. 


Check that screw fixings comply with the requirements of ECS. There is no requirement to 


check the strength of the steel bracket. 


o|/o x 
‘/ 80 mm 
A |/O UNI a 
4No 8 mm 
diameter 


<—_l00 mm—s 


32 mm edge 
distance —> 


screws 
Elevation Side elevation Section A~A 

Fig. E10.13.6. 
1. Geometric properties 

Thickness of steel bracket, t t} = 8mm 

Width of timber member, ty to = 100mm 

Depth of timber member, h h = 150mm 

Coach screw diameter, d d=8mm 

Coach screw diameter for tensile d, = 0.7d d, =5.6x 10-7m 


strength, d, 


Coach screw length, lscrew Escrew = 130mm 
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1 
Penetration of the solid shaft into the then = 30 Cxcceeg = h toen = 35.33 mm 
timber, fpen 
t en 
Ratio of penetration of solid shaft to 7a = 4.42 


coach screw diameter: 


i.e. the ratio is greater than 4; therefore the full diameter can be used for flexure 
and because d > 6 mm, the coach screws will be classed as bolts for lateral strength 
assessment. 

(Table 10.4 (ECS, 8.7.1(2))) 


Coach screw pointside threaded Lop = 3" Lace Lop = 86.67 mm 
penetration, Cer 
le 

Coach screw penetration coefficient tooeft = a teoeft = 10.83 
must exceed 6 
(10.3.5.3 (ECS, 8.7.2(3))) Seeiap ia tes Re 

penetration criteria met 
Number of coach screws, n n=4 


Lateral spacing of each coach screw sp = 80mm 
parallel to the grain in the direction 
of the lateral loading, spé 


Lateral spacing of coach screw for sph = 36mm 
tension loading direction, sph 


2. Timber and coach screw properties 
Table 1.3, strength class C22 (BS EN 338:2003(E), Table 1) 


Characteristic density of timber, Px = 340 kg/m? 
Coach screws: 


Tensile strength of each coach screw, fax = 400 N/mm? 


Sak 


3. Partial safety factors 
Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for connections YM.connection = 1.3 


4. Actions 
Design load on the connection, F4 Fa = 15kN 


Design axial load on the connection, Fax. = Fa- sin(45-deg)  Fax.q = 10.61 KN 
Fax 


Design lateral load on the Fya = Fa-cos(45-deg) Fyq = 10.61kN 
connection, Fy 4 
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5. Modification factors 

Factor for short-duration loading and Kmod.short = 0.90 

service Class 2, Kmod.short 

(Table 2.4 (EC5, Table 3.1)) 
6. Embedment strength of timber 

Characteristic embedment strength of the timber parallel to the grain, fi: 

(equation (10.35); EC5, equation (8.32)) 

(The equation incorporates dimension factors for Mathcad.) 

d m? a5 5 
fax = 0.082 - (1 — 0.01 - — }- ( p,- —]-Nmm Sn.k = 25.65 N/mm 
mm kg 

7. Yield moment of a coach screw 

Characteristic yield moment of a coach screw (equates to a bolt): 

(equation (10.26); EC5, equation (8.30)) 

(The equation incorporates dimension factors for Mathcad.) 

mm2 a\7° 
My rx = 0.3 @ : ~~) (<) -Nmm My rx = 2.67 x 10*- Nmm 
N mm 

8. Tension strength of the screwed connection 

Minimum spacing of the coach screws, spha = 4d spha = 32mm 

spha 

(Table 10.12 (ECS, Table 8.6)) 

‘ : spha 
Check the spacing ratio = 0.89 
sph 


Ratio of minimum to actual < 1; therefore 
spacing for tension stresses is OK 


Characteristic pointside withdrawal strength, fax. 
(equation (10.62); EC5, equation (8.40)) 
(The equation incorporates dimension factors for Mathcad.) 


3 1.5 
foxk = 3.6 x 10-3. (a . ~) -Nmm7~? faxk = 22.57 N/mm? 


Characteristic strength of connection in tension, based on the withdrawal strength, F'lax rk 


(equation (10.65); EC5, equation (8.38)) 
(The equation incorporates dimension factors for Mathcad.) 


Flag.rk = n° « [3 (d+ mm7!)- [(ep — d) mm J] - (fax - mm? - N~!) - (N) 
Flax. rk = 3.41 x 10°N 


Characteristic tensile strength of the coach screws, Fax Rk 

(conservative assessment, based on the strength of a bolt in tension in EN1993-1-8 and 
ignoring the k factor and the benefit from the lower partial factor associated with the 
coach screw) 


07-day 
ee MOO) Fox. px = 3.94 x 10¢N 


Fsax.rk = m fuk . 4 
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Because of the thickness of the steel bracket, its failure strength will exceed the tensile 
strength of the coach screws, so head pull-through failure will not be considered. 


Characteristic strength of the connection in tension in the lesser of F lax. rx and 
FS8ax.Rk3 Fix Rk 


Fax. Rk = min(F'sax Rk; Flax Rk) Fax. Rk = 3.41 x 104 N 
Design strength of the connection in tension, Fax Ra 

k, 
Fara = ee. Fark Fax.ra = 2.36 x 104N 


YM.connection 


9. Lateral load-carrying capacity of the screws 


t 
Steel plate thickness factor coeff = a coeff = 1 


(10.3 (ECS, 8.2.3(1))) 


coefficient = 1 and tolerance for screw hole is 
less than 0.1d; therefore it is a thick steel plate 


For a steel-to-timber connection with coach screws in single shear, the characteristic 
lateral resistance per shear plane is the smallest value of equations (10.13)—(10.15) in 
Table 10.3 (ECS, equations (&.10)), where: 


Let y= screw = 1 i= 122mm 


Failure mode (c): 


4-M., -Rk Fax Rk 
ean ree eee (epee = 1) + Fy rkc = 1.28 x 10*N 
Rio = Sk hh (J fad? i Rk. 
Failure mode (d): 
Fax Rk 3 
Fy rk.d = 2.3 +> /Myrk > frk d+ ae Fy rk.d = 7.52 x 10°N 
n 
Failure mode (e): Fyre = fax ti: d Furke = 2.5 x 10*N 


10.3.5 requires F, /4 to be less than 100% of the Johansen yield equation (ECS, 8.2.2(2)): 


4- My rx 4 
Fyrkeco = 2° fax tied: 2S Fy rkcc = 2.14 x 10° N 
Sak d+ tj 


Fy rkdd = 2+ 2.3-./Myrx- fark d Fy rk.ad = 1.08 x 104N 


On this basis, the characteristic lateral resistance per shear plane per coach screw 
will be: 


Fy Rk = min(Fy Rk.cs Fy Rk. Fy Rke: Fy Rk.ce> Fy rk.dd) Ry rk = 7.52 x 103 N 


Effective number of coach screws in a line parallel to the grain, net 
(equation (10.45) (ECS, 8.5.1.1(4))) 


n nv 09 spe 0.25 
Nef = min >? (5) e (35) Nef = 1.75 
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10. 


2: Nef * Kmod.short : FY Rk 


The design lateral strength of the Fyra = 

connection (based on two lines of YM.connection 

coach screws), Fy.ra Pegs 189% 10°N 

Design lateral force on the F, 4 = 1.06 x 10*N ie. OK 


connection, Fy. 


Combined lateral and axial capacity of connection 
The combined design condition for 5 F 
lateral and axial loading to be Fax. Fya 
: = = 0.54 
satisfied Fax. rd Fyra 
(equation (10.70); EC5, equation 
(8.28)) 


The combined design condition < 1; therefore 


coach screw design is OK 


Example 10.13.7 A timber-plywood gusset plate joint as shown in Figure E10.13.7 is subjected 
to a lateral design load of 3.48 KN at the serviceability limit states (SLS). The plywood gusset 
plates are cut from 12.5-mm-thick Canadian Douglas fir plywood, and have a mean density of 
460 kg/m>. The timbers are strength class C18 to BS EN 338:2003 and the joint will function 
under service class 2 conditions. There are 6 No 3.00 mm diameter by 50 mm long smooth 
wire nails acting in single shear on each side in each connection forming the joint. The nails 
are driven with pre-drilling, do not overlap, and are spaced as shown in the figure. 
Determine the lateral stiffness and instantaneous slip of the joint at the SLS based on the 
requirements of ECS. 


A auc at 42 mm c/c > i 


Two rows of ; _ Two rows of 
nails Elevation of joint nails 
Plywood 
member 
Timber 
Member 
Section through joint 
Fig. E10.13.7. 
1. Geometric properties 


Canadian Douglas fir plywood: 


Thickness of the plywood gusset tf = 12.5mm 
plates, f, 
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Timber: 

Thickness of the timber, ¢, t, = 50mm 

Nail diameter, d d= 3.0mm 

Nail length, fpait enait = 50mm 

Nail pointside penetration, fpoint tooint = nail — tp toint = 37.5 mm 
Number of rows of nails per r=2 


connection per shear plane, r 


Number of nails in single shear per n=3 
row per connection per shear plane, n 


Number of shear planes in each shp = 2 
connection, shp 
Minimum penetration of the nailinthe — fpoint.pen = 8 d tpoint.pen = 24mm 


timber, fpoint.pen 
(10.3.5.1 (ECS, 8.3.1.2(1))) 

tpoint.pen 
Ratio of minimum allowable mee = 0.64 Ratio less than 1; 
penetration to the actual penetration pom therefore OK 


2. Timber and nail strength properties 
Table 1.3, strength class C18 (BS EN 338:2003(E), Table 1) 


Mean density of the timber, pm Pm = 380 kg/m? 
Table 1.12, Canadian Douglas fir plywood 
Mean density of plywood, Ppm Ppm = 460 kg/m? 


3. Actions 
Design action at the SLS, Fy. Fig = 3.48 kN 


4. Stiffness of the joint at the SLS 
Stiffness of each connection: 


Mean density of each connection, — Pmean = ./Pm* Ppm Pmean = 418.09 kg/m? 
Pmean (equation (10.71); ECS, 
equation (7.1)) 


Slip modulus/shear plane/fastener 
at the SLS, for nails with 
pre-drilling, Kye, (Table 10.15 
(ECS, Table 7.1)) 

(The equation incorporates 
dimension factors for Mathcad.) 


Ls 2 
r) dmm! q 


te ay Nem Keer = 1.115 x 103N/mm 


Ker = (enci . 
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Lateral stiffness per connection with 
pre-drilling, Ker.c 
(Figure 10.24) 


Lateral stiffness of the joint, K ser; 
(Figure 10.24) 
. Joint slip at the SLS 


Instantaneous slip of the joint, Winst 


Keere = 1 N+ Keer: shp 


Keene = 1.34 x 104 N/mm 


K 

Keerj = a Kerj = 6.69 x 103 N/mm 
F. 

Uinst = Bae Uinst = 0.52 mm 


Chapter 11 
Design of Joints with Connectors 


11.1. INTRODUCTION 


Connectors generally comprise toothed plates, discs or rings that are partly embedded 
into the adjacent timber members of a connection and are normally held in place by 
a connecting bolt. They are used for connections subjected to lateral loading and the 
load is primarily transferred between the joint members by bearing near the surface 
of the member. By increasing the bearing area they can take substantially increased 
loads over the metal dowel type fasteners referred to in Chapter 10, which function 
primarily by dowel action. Generally, the connector bolts hold the members together 
and do not contribute to the load-carrying capacity of the connection, but with some 
types of connector they do. 

Several types of timber connector are available and the ones most commonly used 
in timber joint design are the toothed-plate, the split-ring or the shear-plate form. The 
configuration and material requirements for these connectors are defined in BS EN 912 
(2000) [1] and the design rules given in ECS [2] for each type are discussed. 

The general information in 4.3 is relevant to the content of this chapter. 


11.2. DESIGN CONSIDERATIONS 


The design of joints formed using connectors subjected to lateral loading is covered 
in this chapter and the design of connectors subjected to a moment is addressed in 
Chapter 12. 

Connections fitted with connectors have to satisfy the relevant design rules and 
requirements of EC5 and the limit states associated with the main design effects are 
given in Table 11.1. The strength and displacement requirements for connectors are 
the same as those referred to in 10.1 for metal dowel type connections. 


11.33. TOOTHED-PLATE CONNECTORS 


11.3.1 Strength behaviour 
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Toothed-plate connectors are available in circular, square, octagonal and other shapes 
with sizes ranging from 38 to 165 mm. There are 11 types of connectors defined in BS 
EN 912, referred to as type Cl, C2, etc., to C11, each type categorised by its shape, 
by the material used for the toothed plate and whether it is single or double sided. 
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Table 11.1 Main design requirements for connectors 
subjected to lateral loading and the associated ECS limit states 


Design or displacement effect ECS limit states 
Lateral loading strength ULS 
Displacement SLS 


Depending on the connector type, the toothed plate will be made from cold rolled 
uncoated low-carbon steel, continuous hot dipped galvanised mild steel or malleable 
cast iron. With steel connectors, the edges of the connector plate are bent over to 
form triangular projecting teeth, and with cast iron connectors, conical spikes having 
a blunted point project from one or both faces. An example of a circular toothed-plate 
connector formed from steel plate having projecting teeth on one or both sides is shown 
in Figure 11.1. 

Single-sided toothed-plate connectors can be used to connect timber to steel or, if 
connections are required to be demountable in timber-to-timber joints, they can be used 
in pairs back to back. Double-sided toothed plates are suitable where non-demountable 
timber-to-timber connections are required. 

To assemble, the bolt hole is formed in the members, the connector is located in po- 
sition, and the connection is pressed together mechanically or, if relatively low-density 
timber is being used, by the use of a high-strength bolt fitted with large washers. After 
pressing into position, the connector bolt and its washers are fitted. The connector must 
be pressed fully into the timber to develop its design capacity. Because the resistance 
offered by the timber to the penetration of the connector teeth will increase as the 


Connector bolt 


Toothed-plate 
connector 


(a) Single-sided toothed plate (b) Double-sided toothed plate 


Fig. 11.1. Toothed-plate connectors. 
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density of the timber increases, toothed-plate connectors are not suitable for use with 
timber having a characteristic density greater than about 500 kg/m?. 

The design requirements for toothed-plate connectors are covered in ECS, 8./0. Ina 
connection formed with a double-sided toothed plate, the load is passed by embedment 
stresses from one of the members to the teeth of the connector and from there by 
shear stresses within the connector plate to the teeth on the opposite side and into the 
other member through embedment stresses. Embedment slip at the connector teeth 
also results in the timber members bearing onto the bolt and the joint strength is taken 
to be a combination of the force carried by the toothed-plate connector and the bolt. 
The bolt also holds the members together to ensure that the connector(s) remain fully 
embedded in the timber. Because the shear strength of the bolt considerably exceeds 
the embedment strength or the strength of any brittle failure mechanism in the timber, 
shear failure of the bolt is not considered in the strength assessment equations given in 
ECS. 

Where a single-sided toothed-plate connector is used, the load transfer mechanism 
from the toothed side of the connector will be the same as for the double-sided con- 
nector but thereafter the load is passed directly to the bolt by bearing stresses between 
the connector and the bolt and also by bearing of the member onto the bolt due to 
embedment slip at the connector teeth. From there the bolt functions as a normal dow- 
elled connection. Again, with this connection, the joint strength is a combination of 
the strength of the toothed-plate connector and the bolt. 

Ductile failure mechanisms as described above will only arise if brittle failure is 
prevented and, as with metal dowel type fasteners referred to in Chapter 10, this is 
achieved in ECS by specifying minimum spacings, end and edge distances as well 
as minimum member thicknesses. The minimum spacings etc., for the toothed-plate 
connector, are given in Table 11.2 and the minimum spacing requirements for the 
connector bolts are as given in Table 10.9. With regard to member thicknesses, the 
minimum requirements are: 


ty > 2.25h¢ (ECS, Clause 8.10(3)) (11.1) 
fy > 3.75Ne (ECS, Clause 8.10(3)) (11.2) 


The thickness is as shown in Figure 11.2 and f; is the thickness of the outer timber 
member(s) in the connection. f2 is the thickness of the inner timber member in the 
connection, and h, is the embedment depth of the toothed-plate connector teeth (in 
mm) in the member being considered, i.e. = (h, — t)/2 for a double-sided connector 
and (h, — t) for a single-sided connector, where h, is the connector height and t is the 
thickness of the metal used for the connector. 

The characteristic strength of a connection formed using a toothed-plate connector 
is: 


FY Rk, connection = Fy rk + Fy rk. bolt dq 1.3) 


where F\, Rrk,connection 18 the characteristic strength of the toothed-plate connection (in 
N), Fy.rx is the characteristic load-carrying capacity of the toothed-plate connector (in 
N), and Fy rx,bort is the characteristic strength of the connector bolt (in N). 

Type C2, C4, C7, C9 and C11 toothed-plate connectors are single sided, type Cl, 
C3, C5, C6, C8 and C10 are double sided and different strength equations apply for 
each type. The strength of a laterally loaded toothed-plate connector is independent of 
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Table 11.2 Minimum spacing, edge and end distances for toothed-plate connector types C1 to C11 
and split-ring and shear-plate connectors as referenced in BS EN 912* 


Spacings or distances and 
at (see Figures 10.11 and 
11.3) 


Minimum spacings and distances 


Toothed-plate connectors 


Types Cl to C9 


Types C10 and C11 


Split-ring and shear- 
plate connectors 


Spacing parallel to the 
grain: a, 
0° <a < 360° 


Spacing perpendicular to 
the grain: az 
0° <a < 360° 


Loaded end distance a3; 
—90° <a < 90° 


Unloaded end distance a3, 
90° <a < 150° 
150° <a < 210° 
210° <a@ < 270° 


Loaded edge distance a4; 
0° <a < 180° 


Unloaded edge distance 
4c 


180° < a < 360° 


(1.2 + 0.3] cos a|)d. 


1.2d. 


2.0d, 


(0.9 + 0.6] sina|)d. 
1.2d, 
(0.9 + 0.6] sina|)d, 


(0.6 + 0.2| sina|)do 


0.6d, 


(1.2 + 0.8] cos a|)d, 


1.2d, 


2.0d, 


(0.4 + 1.6] sina|)d, 
1.2d, 
(0.4 + 1.6] sina|)d. 


(0.6 + 0.2| sina|)de 


0.6d, 


(1.2 + 0.8] cos a|)d. 


1.2d, 


1.5d, 


(0.4 + 1.6] sina|)d, 
1.2d, 
(0.4 + 1.6] sina|)d, 


(0.6 + 0.2] sina])d¢ 


0.6d, 


*Based on Tables 8.7, 8.8 and 8.9 in ECS. 
¥@ is the angle between the direction of the connector force and the grain. 


eh a) bh 


t 


Lng 


> 
t 


Fig. 11.2. Dimensions for connections with toothed-plate connectors. 
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the load—grain angle, however as the lateral strength of the connector bolt is a function 
of the angle of load relative to the grain, the strength of the toothed-plate connection 
will be dependent on the load—grain angle. 

The characteristic load-carrying capacity of the connector, Fy px, has been deter- 
mined from tests on joints [3], and to ensure that a brittle failure does not occur the 
minimum member thicknesses permitted in ECS are: 


© outer timber members: 2.25h, 
© inner timber member: 3.75h, 


where h, is the embedment depth and is shown for a double-sided toothed-plate con- 
nector in Figure 11.2. 

Density and loaded end distance criteria were also included in the test programme 
and from a review of the results ECS has adopted the relationships for the characteristic 
load-carrying capacity, Fy rx, per toothed-plate connector given in equation (11.4): 


18kikok3d!°__ for single-sided types 


ECS, equation (8.72 
25k,kok3d!5 for double-sided types Ee eee) 


Fy Rk = 


(11.4) 


where: 


¢ F\ Rx is the characteristic load-carrying capacity of the toothed-plate connector 
(in N). 

e d, is: 

— the toothed-plate connector diameter for types C1, C2, C6, C7, C10 and C11 
(in mm), 

— the toothed-plate connector side length for types C5, C8 and C9 (in mm), 

— the square root of the product of both side lengths for types C3 and C4 (in mm). 

k, is a modification factor for the effect of member thickness: 


1 
ky = min } t,/3h¢ (EC5, equation (8.73)) (11.5) 
b/5Ne 


where ft, and f are as defined in Figure 11.2 and h, is the tooth penetration depth 
(in mm). The strength of the connection will reduce to 75% of its full value if the 
minimum permitted values of t; and tz are used. Also, when ft; and ft) exceed 3h, 
and 5h, respectively, there will be no increase in joint strength due to this factor. 
ky is the modification factor for the loaded end distance, a3, and, for a member 
with a sloping end, based on the requirements of BS5268-2 [4], the distance can be 
taken to be that shown in Figure 11.3. The factor only applies to members having 
a loaded end and is dependent on the type of toothed-plate connector being used 
as follows. 


For types C1—C9, the minimum loaded end distance is given as 2.0d, in 
Table 11.2; however, a smaller distance is permitted in the strength equation 
provided it is not less than 1.1d, or the minimum loaded end distance criteria 
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Edge distance | 


End distance End distance 


vA / 
SX a — must not be less than Ns a — must not be less than 


the appropriate edge distance the appropriate edge distance 


Circular connector Rectangular connector 


Fig. 11.3. End and edge distance for connectors (based on BS 5268-2). 


allowed for bolts (see Table 10.9), whichever is the greater. If a loaded end 
distance less than 2.0d, is used, the value of kz will be: 


: 1 : 
ky = min ee (ECS, equation (8.74)) (11.6) 
where d, is as previously defined and: 
1.1d, 
a3, = max Td (ECS, equation (8.75)) (11.7) 
80mm 


Here d is the bolt diameter and both d and d, are in mm. 

Provided the minimum loaded end distance required for the connector bolt 
is greater than the minimum loaded end distance required for the connector, kz 
will remain equal to 1 for a connector loaded end distance greater than 1.5d,. 
It will only be less than 1 when the distance is smaller than 1.5d,, reducing 
to a value of 0.73 at the minimum permitted end distance of 1.1d,. In other 
words, the connector will continue to exhibit ductile behaviour when its loaded 
end distance is less than the 2d, minimum value given in Table 11.2. However, 
its characteristic strength will be reduced when the distance is less than 1.5d,, 
reaching a minimum value at 1. 1d. 

With types C10 and C11, a similar situation applies but for these connectors 
the loaded end distance, a3, may only be reduced to 1.5dg, 1.e.: 


; 1 . 
ky = min lee Boe (ECS, equation (8.76)) (11.8) 
with 
1.5d, 
a3, = max Td (ECS, equation (8.77)) (11.9) 
80mm 


where d, and d are as previously defined. 
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With these connectors, provided the minimum loaded end distance re- 
quired for the connector bolt is less than the loaded end distance required for 
the toothed-plate connector, ky will equal 1 when the connector loaded end 
distance is 2.0d, (or greater) and will be smaller than | when the distance is less 
than 2.0d,. It will reduce to a value of 0.75 at the minimum permitted loaded 
end distance of 1.5d,.. 


e k3 is a modification factor for timber density, and: 


k3 = min (ECS, equation (8.78)) (11.10) 


1:5 
/x/350 
where (x is the characteristic density of the timber in the connection (in kg/m*). 

The reference strength equations (11.4) are based on a connection where the 
timber has a characteristic density of 350 kg/m’, i.e. strength class C14 in BS EN 
338:2003 [5]. Factor k3 will increase the strength of the connector when higher 
strength class timber is used, achieving a maximum increase of 50% when the 
characteristic density is 525 kg/m?. This will cover all of the strength classes for 
softwood in BS EN 338 as well as hardwood strength class D30. Although it is 
likely that strength classes D35 and D40 will be able to be used with this type of 
connector, D50 to D70 will not because of the resistance offered by the timber to 
the penetration of the connector teeth. 


As stated previously, the minimum spacings, edge and end distances are given in 
Table 11.2 for the different types of connector and the symbols are the same as those 
shown in Figures 10.11 and 11.3. 

Where types C1, C2, C6 and C7 connectors are being used and they are staggered, as 
shown in Figure 11.4, the minimum spacings a; and a» in Table 11.2 may be reduced 
by the use of reduction factors k,; and k,2, respectively, so that: 


¢ the minimum spacing parallel to the grain = k,,a, 
e the minimum spacing perpendicular to the grain = kya 


provided the reduction factors k,; and k,, comply with the following criteria: 


O<ka <1 


O< kg <1 OD: equation (8.69) (11.11) 


(kat)° + (ka)? > 1 with | 


Where the connection contains a row of connectors parallel to the grain, EC5 allows 
the full strength of each toothed-plate connector in the row to be used when loaded 


l<— a i 


Connector 
position 


Fig. 11.4. Reduced distances for staggered toothed-plate connectors (based on ECS 
Figure 8.13). 
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in this direction. For connections in single or double shear, irrespective of the type of 
connector being used, when determining the strength of a connection the number of 
connectors per shear plane shall be taken to equal the number of connector bolts. This 
will apply when the connectors are loaded parallel or perpendicular to the grain. When 
determining the strength of the connector bolts, however, the effective number of bolts 
as described in 10.4.1.3 shall be used when loaded parallel to the grain and the actual 
number of connector bolts when loaded perpendicular to the grain. 

The requirements of bolts and washers shall fully comply with criteria given in 
Section 10.4.3 in ECS. 


See Example 11.12.1. 


11.4 RING AND SHEAR-PLATE CONNECTORS 


11.4.1 


Strength behaviour 


Ring and shear-plate connectors are circular in shape and manufactured from alu- 
minium alloy, hot rolled or temper rolled steel strip, hot rolled steel alloy strip, grey 
cast iron or cast metal, in accordance with the requirements of BS EN 912. They fit 
into preformed grooves in the timber members that accurately profile the connector 
and are capable of taking much greater loads than are achievable with toothed-plate 
connectors. 

The strength equations for these types of connectors are given in ECS, 8.9, and 
are only applicable to connectors with a diameter no larger than 200mm. With the 
exception of three type A5 split-ring connectors in BS EN 912 where d, is 216mm, 
236mm and 260 mm, all of the others in the standard comply with this limit. 

Ring connectors are of solid cross-section and where they are formed with a cut 
across the section they are referred to as split-ring connectors. The split allows the 
connector to be easier to fit and also to be relatively flexible to accommodate distortion 
that may arise in the joint after assembly due to changes in moisture content. The design 
rules in ECS are the same for the ring and the split-ring forms. 

These connectors are only suitable for timber-to-timber connections and are shown 
in Figure 11.5. They are referenced as type Al to A6 in BS EN912 and those to which 
the ECS strength equations will apply range from 60 mm to a maximum of 200 mm in 
diameter. The connectors are held in place by bolts and washers, but unlike toothed- 
plate connectors, the bolts and washers will not contribute to the lateral strength of the 
connection. 

In a connection formed using a ring connector, the load is passed from one member 
onto the ring by embedment stresses, and after shear transfer to the part of the ring in 
the second member, passes into that member by embedment stresses. The function of 
the connector bolt is to ensure that the ring remains fully embedded in the members. 
An example of this type of connector is shown in Figure 11.5. 

Shear-plate connectors are used where there is a requirement for a timber-to-steel (or 
concrete) connection, and where the joint is to be demountable or where connections 
are to be formed on site. 

In BS EN 912 shear-plate connectors are referenced as type B1 to B6, range in 
diameter from 65 to 190mm, and are held in place by bolts and washers. With these 
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The profile of the 
connector is dependent 
on the type being used 


Fig. 11.5. Split-ring connector. 


types of connectors the shear strength of the bolt is a key element in the transfer of 
lateral load across the connection. However, because the shear strength of the bolt 
specified for use with these connectors will always exceed the lateral strength of the 
connector, EC5 does not require the bolt shear strength to be checked. Also, as with a 
ring connector, the connector bolt is not considered to contribute to the lateral strength 
of the connector. 

In a shear-plate connection, the load passes from one member into the shear plate by 
embedment stresses and the bolt is then loaded through bearing stresses between the 
shear plate and the bolt. From there it is transferred through the bolt by shear stresses 
to the second shear plate in the case of a timber-to-timber joint, or, in the case of a 
timber-to-steel (or concrete) joint, directly into the steel (or concrete) member. An 
example of the use of this type of connector is shown in Figure 11.6. 

The design requirements for split-ring and shear-plate connectors are covered in 
ECS, 8.9. For a joint using these connectors the strength model adopted assumes that 
when the connector is loaded parallel to the grain the joint strength will be the lesser 
of the strength due to embedment failure of the timber at the connector or shear block 
failure of the timber at the loaded end of the connection. 

The timber within the area bounded by the connector is assumed to have sheared 
off before the failure load of the connection is achieved and does not contribute to the 
strength. Assuming that a shear-plate connection is being used, the design conditions 
to be satisfied for member B in a two-member connection are shown in Figure 11.7. 

Two modes of failure are possible. These are embedment failure and shear block 
failure as shown on the loaded face of the connector at its loaded end. If the embedment 
resistance of the timber exceeds the resistance offered by the shear block, shear block 
failure will dictate the strength, and if it is smaller, embedment failure will occur. 
As shear block failure is a brittle failure mechanism, failure by the ductile embedment 
failure mode is the preferred design condition. Where shear block failure will not occur, 
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Fig. 11.6. Shear-plate connectors. 


as in the case of member A in Figure 11.7, only embedment failure will be relevant 
when determining the strength of that member. 

To prevent other forms of brittle failure in this type of connection, EC5 specifies 
minimum spacings, end and edge distances as well as minimum member thicknesses, 
and the respective criteria are the same for shear-plate and ring connectors. The re- 
quirements for spacings and distances are as given in Table 11.2. 

Minimum member thicknesses are given in ECS, 8.9(2), and the criteria to be met are 
the same as for toothed-plate connectors. The requirements are summarised as follows: 


ty > 2.25h. (11.12) 
ty > 3.75h,. (11.13) 
where the thicknesses are as shown in Figure 11.8 and f, is the thickness of the outer 
timber member(s) in the connection (in mm), fy is the thickness of the inner timber 


member in the connection (in mm), and h, is the embedment depth of the ring or shear 
plate (in mm). 


Embedment stresses on 
loaded face 


ee = = ; Design force on 
Member B a aD connector 


Shear block on loaded 
Design force on ——— face of connector 
connector 


Shear block failure 
Shear failure plane of plane 
timber bounded by 


the connector 


Fig. 11.7. Resistance of connection at the loaded end. 
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Fig. 11.8. Relevant dimensions used for connections fitted with split-ring and shear-plate 
connectors (based on ECS, Figure 8.12). 


The same equations are used to determine the characteristic strength of a split- 
ring and a shear-plate connector, based on a connection formed with timber having 
a characteristic density of 350 kg/m’, a loaded end distance of 2d,, a side member 
thickness of 3h,, and a central member thickness of 5h,: 


e¢ From equation 8.61(a) in ECS, the characteristic strength of the shear block (in 
N) at the loaded end when loaded in tension parallel to the grain is: 


Fly ork = 35d.° (11.14) 


where d, is the connector diameter (in mm). 
¢ From equation (8.61b) in ECS, the characteristic embedment strength of the timber 
(in N) at the loaded face of the connector is: 


F2, orn = 31.5dche (11.15) 


where h, is the embedment depth (in mm) of the connector type being used. 


The connector strength will be the minimum value obtained from equations (11.14) 
and (11.15). For a connection in which the connector is loaded in an ‘unloaded’ end 
condition as shown in Figure 11.9 (i.e. 150° < a < 210°), shear block failure will not 
arise and the strength will only be based on equation (11.15). 

To take account of the effect of variation in member thickness, loaded end distance 
and characteristic density as well as the increase in shear block strength when there is a 
steel member in the joint, modification factors must be applied to equations (11.14) and 
(11.15). The characteristic load-carrying capacity parallel to the grain (in N), Fy,o,rx, 
per connector, per shear plane, incorporating these factors is: 


kikok3k4(35d!5) (a) (block shear) 


HiaGlsdi) 6) (enhednen). eee 


Fy ork = min 


(11.16) 
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Design force on ===> 


connector 


Shear failure plane of 


Embedment stresses on 
loaded faces 


ies = Y Design force on 
Member B welicen F connector 


timber bounded by 
the connector 


Fig. 11.9. Connection using split-ring connectors loaded in an ‘unloaded’ end condition. 


where: 


d, is the connector diameter (in mm). 
k, is a modification factor taking into account the effect of member thickness 


1 
ky = min jt /3h, (ECS, equation (8.62)) (11.17) 
ty/She 


where f; and f2 are as defined in Figure 11.8 and h, is the embedment depth (in 
mm). The strength of the connection will be reduced by 25% if the minimum 
permitted values of tf; and f2 are used. Also, when f; and fz exceed 3h, and She, 
respectively, there will be no increase in joint strength. 

ky only applies to the block shear strength at a loaded end and is 1.0 unless the 
angle of load is between —30° < a < 30°, in which case: 


ky = min (ECS, equation (8.63)) (11.18) 


ka 
a3, / 2d. 
where a3, the loaded end distance, is obtained from Table 11.2, or, for mem- 
bers with a sloping end, measured as shown in Figure 11.3; d, is as previously 
defined and k, = 1.25 for connections with one connector per shear plane. For 
connections with more than one connector per shear plane, k, = 1.0. 
k3 is a modification factor for timber density and: 


1.75 


p /350 (ECS, equation (8.65)) (11.19) 
k 


k3 = min | 
where /, is the characteristic density of the timber in the joint (in kg/m?). 

As previously stated, the reference strength equations (11.16) are based on a 
connection in which the timber has a characteristic density of 350 kg/m? (i.e. 
strength class C14 as specified in EN 338:2003). As in the case of connections 
using toothed-plate connectors, for connections using ring or shear-plate connec- 
tors, factor k3 will increase the strength of the connector when higher strength 
class timber is used. With these types of connectors a maximum increase of 75% 
will be achieved when the characteristic density is at least 613 kg/m?. This will 
cover the requirements for all strength classes of softwood in BS EN 338 as well 
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as hardwood strength classes D30—D40, but there will be no increase beyond this 
limit. 

¢ k4isamodification factor that depends on the materials connected and only applies 
to the shear block failure equation (11.16, equation a). It is obtained from 


(ECS, equation (8.66)) 
(11.20) 


ee 1.0 for timber-to-timber connections 
4 )1.1 for steel-to-timber connections 


Where the connector is loaded at an angle @ to the grain, the characteristic load-carrying 
capacity, Fy ~.Rk, per connector per shear plane is determined using Hankinson’s equa- 
tion [6], referred to in 5.3.2b, and is: 


Ky 
Fya.kk = ——™* (ECS, equation (8.67)) (11.21) 
kog sin? a + cos? a 
with 
koy = 1.3 + 0.001d, (ECS, equation (8.68)) (11.22) 


where Fy .0,rx is defined in equation (11.16), and d, is as previously defined. 

The minimum spacings, edge and end distances for ring and shear-plate connectors 
will be as given in Table 11.2 with the symbols being the same as those in Figures 
10.11 and 11.3. 

Where ring or shear-plate connectors are staggered, as for toothed-plate connec- 
tors, the minimum spacings parallel and perpendicular to the grain can be reduced by 
complying with the following rules: 


O<ky <1 


0<ko <1 (ECS, equation (8.69)) (11.23) 


(Kat)” + (kea)” = 1 with | 
where k,; and k,2 are reduction factors applied to the minimum distance a, parallel to 
the grain and az perpendicular to the grain, respectively, as shown in Figure 11.4. 

If required, the spacing parallel to the grain, ka, can be further reduced by multi- 
plying by a factor k, req, provided 0.5 < kgs req < 1.0 and the load-carrying capacity of 
each connector, Fy.0,rk,connector, 1S also reduced as follows: 


F)0.Rk,connector = ky red x Fy0,Rk (11.24) 


where 
Ky red = 0.2 + 0.8K rea (ECS, equation (8.70)) 


Using the largest permitted reduction, i.e. ks req = 0.5, the strength of each connector 
will be reduced to 60% of its full strength. 

Should the factor k,; be reduced by ks req, the minimum spacings parallel and per- 
pendicular to the grain must satisfy 


0 < Ks.red Kat < 1 


pee a (11.23a) 


(Ksreakat)” + (kax)” 2 1 with | 
Where there is a row of split-ring or shear-plate connectors parallel to the grain and 
more than two connectors are in the row, the strength of the connectors per shear plane 
when loaded parallel to the grain will be reduced. For this condition, the effective 
number of connectors, ne, should be taken to be as follows: 
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Table 11.3 Requirements for the size of bolts used with ring and 
shear-plate connectors (as referenced in BS EN912)* 


Connector type 


AltoA6 Al,A4,A6 B 


Connector diameter, d, < 130 >130 
Minimum bolt diameter, dyin 12 0.1d, d,—1 
Maximum bolt diameter, dmax 24 24 d, 


*Based on Table 10.1 in EC5. 


For connections in single or double shear, irrespective of the type of connector being 
used, the number of connectors shall be taken to equal the number of connector bolts 
in the row and: 


1g@= 2 (1 = =) (n — 2) (EC5, equation (8.71)) (11.25) 


where n is the number of connector bolts in the row parallel to the grain. It should 
also be noted that when ky2d2 < 0.5k,;a,, connectors should be considered to be in 
the same row. 


If the connection has more than one row of connectors parallel to the grain, the effective 
number of connectors shall be taken to be the sum of the effective number of connectors 
in each row. When the connectors are loaded perpendicular to the grain the effective 
number of connectors will equal the number of connector bolts in the connection. 

Although the bolts and washers used for ring or shear-plate connectors do not con- 
tribute to the lateral strength of the connection, they are required to hold the connectors 
in position, and must comply with the requirements of ECS, 10.4.3. The minimum 
and the maximum diameter of bolt permitted for use with these types of connector 
are given in Table 11.3, where d, is the diameter of the connector (in mm), d is the 
diameter of the bolt (in mm), and d, is the diameter of the centre hole of the connector 
(in mm). 


See Example 11.12.2. 


11.5 MULTIPLE SHEAR PLANE CONNECTIONS 


Where a connection involves multiple shear planes and the connected members are 
at varying angles to each other, it is not possible to directly apply the joint strength 
equations given in 11.3 for toothed-plate connectors and in Section 11.4 for ring or 
split-ring connectors. 

For this situation, the guidance given in ECS, 8./.3(J), is that the resistance of 
each shear plane in the connection is derived on the assumption that the shear plane 
forms part of a series of three-member connections and the connection strength is 
derived by combining the strength values of those failure modes that are compatible 
with each other. When dealing with ring and shear-plate connectors, all failure modes 
will be compatible. However, when considering the failure modes associated with the 
toothed-plate connector bolt in toothed-plate connections, EC5 requires that failure 
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Fig. 11.10. Member loaded in tension at an angle to the grain. 


modes (a), (b), (g) and (h) in Table 10.2 or modes (e), (f) and (j/1) in Table 10.3 are not 
combined with the other failure modes. 

The procedure to be followed to determine the joint strength in multiple member 
joints formed with connectors will, in principle, be the same as that used for multiple 
member joints formed using metal dowel type fasteners, as described in 10.7. 


11.6 BRITTLE FAILURE DUE TO CONNECTION FORCES AT 
AN ANGLE TO THE GRAIN 


This form of brittle failure can arise when connectors apply a force at an angle to the 
timber grain resulting in the possibility of splitting caused by the force component 
perpendicular to the grain, as shown in Figure 11.10. The failure can occur at a load 
less than the design capacity of the fasteners. 

This form of failure is discussed in 10.3.6.1 and the splitting strength of a connector 
in which a tension component can occur at right angles to the grain is obtained from 
equation (10.41d). 


11.7, ALTERNATING FORCES IN CONNECTIONS 


Where a connection is subjected to short-term alternating forces, the characteristic load- 
carrying capacity of the connection will not be affected. If, however, the connection is 
subjected to alternating forces due to long- or medium-term actions, the characteristic 
load-carrying capacity of the connection will be reduced. 

The design requirements for such situations will be as described in 10.4.2. 


11.8 DESIGN STRENGTH OF A LATERALLY LOADED CONNECTION 


11.8.1 Loaded parallel to the grain 


The design strength of a laterally loaded single connector, Fy pa, is obtained from the 
characteristic load-carrying capacity of the laterally loaded connector as follows: 


K mo . PF, 
{oe (11.26) 


YM 
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where: 


© kmoa is the modification factor referred to in 2.2.20, and where the connection 
comprises two timber elements, Kmod,1 aNd kmoa,2, the value used in the equation 
will be kmod = ./Kmoa,1Kmod,2, aS required by ECS, equation (2.6). 

© yw is the partial factor for connections given in Table 2.6. Except when determining 
the plate strength of punched metal plate fasteners, the factor value will be 1.3. 

¢ F, px is the characteristic load-carrying capacity of the connector per shear plane 
when loaded laterally, i.e. the lowest value determined from the relevant strength 
equations in 11.3 for toothed-plate connectors or in 11.4 for ring or shear-plate 
connectors. 


For a connection in single or double shear containing rp) rows of connectors laterally 
loaded parallel to the grain, with each row containing n equally spaced connectors 
of the same type and size, each with a design strength, Fy pq, the effective lateral 
load design capacity of the connection per shear plane parallel to the grain, Fy er.ra, 
will be: 


Fy ef,Rd = NsgpIpl * Nef * Fy ra ad 1.27) 


where “ez is the effective number of connectors in the connection in each row parallel 
to the grain, ns, is the number of shear planes in the connection, and: 


(a) Effective number of toothed-plate connectors. 
The effective number of toothed-plate connectors in a row shall equal the number 
of connector bolts in the row. For the strength contribution from the bolts in the 
connection, the effective number of bolts shall be derived as described in 10.4.1.3. 
(b) Effective number of ring or shear-plate connectors. 
The effective number of ring or shear-plate connectors in a row is obtained from 
equation (11.25). 


11.8.2 Loaded perpendicular to the grain 


Where loads are imposed on the timber by connectors loaded perpendicular to the 
grain, there are two possible forms of failure: 


(a) By the timber splitting in tension and this condition is covered in 11.6 and 
10.3.6.1. 

(b) By ductile yielding of the connector and for this condition, where there are rp, 
lines of connectors with each line containing n connectors all of the same size, 


Fy et,.rd = NsgpIpr * Nef * Fy ra ad 1.28) 
where: 


© Fy ecrra is the effective design strength of the connector per shear plane when 
loaded laterally and perpendicular to the grain. 

® Np is the number of shear planes in the connection. 

© Np is the number of connector bolts per line perpendicular to the grain. 
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11.8.3 


11.9 


¢ F,Rra is the design load-carrying capacity of a laterally loaded single connector 
per shear plane when loaded perpendicular to the grain, i.e. the lowest value de- 
termined from the relevant strength equations in 11.3 for toothed-plate connectors 
or in 11.4 for ring and shear-plate connectors. 


From the above, the design load-carrying capacity of a connection loaded perpen- 
dicular to the grain will be: 


Design capacity of connection = min(Fo0,ra, Fy.et,Rd) (11.29) 


where Fo9,ra is the design splitting capacity of the timber, which, for softwood, is 
obtained from equation (10.41c). 


Loaded at an angle to the grain 


When connectors are laterally loaded at an angle to the grain, the force components 
parallel and perpendicular to the grain have to be derived, and: 


(i) the component of the design force acting parallel to the grain must not exceed 
the load-carrying capacity of the connection determined as defined in 11.8.1, and 
(ii) the component of the design force acting perpendicular to the grain must not ex- 
ceed the lesser of load-carrying capacity of the connection determined as defined 

of the load-carrying capacity in 11.8.2. 


STIFFNESS BEHAVIOUR OF TOOTHED-PLATE, RING AND 
SHEAR-PLATE CONNECTORS 


The lateral stiffness of toothed-plate, split-ring and shear-plate connectors is determined 
in the same way as discussed in 10.10 for metal dowel type fasteners. 

The content of 10.10 is applicable to connections formed using these types of 
connector and although some matters of detail have been repeated in the following 
paragraphs for clarity, generally the content relates to areas where differences arise. 

The slip modulus Kye, per shear plane per connector at the serviceability limit state 
is given in Table 11.4. Where the joint comprises two jointed wood-based members 


Table 11.4 Values for Kye, for connectors in N/mm in timber to timber and wood-based 
panel-to-timber connections, (based on Table 7.1 in EC5) 


Type of connector used (in accordance Serviceability limit state slip 
with BS EN 912) modulus Ke; 
Toothed-plate connectors: 
Connectors-types C1 to C9 1.5pmdc/4 
Connectors-type C10 and C11 Pmde/2 
Split-ring connectors type A Pmde/2 


Shear-plate connectors type B Pmadm/2 
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11.10 


11.11 


having mean densities Pm; and Pm,2 respectively, the p,, used in the equations should 
be: 


Pm = /Pm,1Pm,2 (ECS, equation (7.1)) (11.30) 


Also, if the connection is steel to timber or concrete to timber, as stated in EC5, 7.1(3), 
Ker Should be based on the mean density, 0, of the timber member. To allow for the 
lack of slip in the steel or concrete member, the value of Ke, may be multiplied by 2. 

As for metal dowel type fasteners, when designing at the ultimate limit state the 
instantaneous slip modulus, Ky, is taken to be: 


K,= > K ser (ECS, equation (2.1)) (11.31) 


Where a connection is formed using single-sided connectors positioned back to back, 
e.g. when using single-sided toothed-plate connectors or shear-plate connectors, the 
stiffness of each pair of connectors (per connecting bolt) should be taken to be the 
stiffness of the single-sided connector as given in Table 11.4. 

Due to the need to include for some tolerance in the diameter of the toothed-plate 
connector bolt hole to permit the bolt to be fitted, joints made with single-sided con- 
nectors will exhibit a small initial slip when being loaded and an allowance should be 
made for this in any deflection calculation. 

No guidance is given in EC5 on whether the effective number or the full number of 
connectors should be used to derive the stiffness of a connection formed using toothed- 
plate connectors. It is recommended that as with connections formed using metal 
dowel type fasteners, the connection stiffness should be calculated assuming that all 
connectors will contribute their full stiffness irrespective of the angle of loading. 


See Examples 11.12.1 and 11.12.2. 


FRAME ANALYSIS INCORPORATING THE EFFECT OF LATERAL 
MOVEMENT IN CONNECTIONS FORMED USING TOOTHED-PLATE, 
SPLIT-RING OR SHEAR-PLATE CONNECTORS 


Where the slip effect in connections formed with toothed- plate, split-ring or shear- 
plate connectors has to be incorporated into the analysis of a structure, the content of 
10.11 will apply. 
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11.12 EXAMPLES 


As stated in 4.3, in order to verify the ultimate and serviceability limit states, each 
design effect has to be checked and for each effect the largest value caused by the 
relevant combination of actions must be used. 

However, to ensure attention is primarily focussed on the ECS design rules for the 
timber or wood product being used, only the design load case producing the largest 
design effect has generally been given or evaluated in the following examples. 


Example 11.12.1 A timber-to-timber tension splice connection in a statically indeterminate 
structure, which functions in service class 2 conditions in a Category A loaded area (in accordance 
with EC1991-1-1), is required to connect two 50mm by 100mm members, and is shown in 
Figure E11.12.1. Two 36mm by 100 mm side members will be used and the connection will be 
formed using two type C1 toothed-plate connectors to BS EN 912:2000, diameter d, = 50 mm, 
spaced 80mm apart parallel to the grain. The connector bolt is 16mm in diameter and has a 
tensile strength of 400 N/mm”. The joint is subjected to a characteristic permanent tensile lateral 
action of 5.5 kN and a characteristic medium-term variable tensile lateral action of 12.5 kN and 
all timber is of strength class C22 to BS EN 338:2003. 

Confirm that the joint complies with the rules in EC5 and determine the instantaneous and 
final deflection of the joint at the serviceability limit states (SLS), on the basis that the connection 
forms part of a structure where the creep behaviour of the connections is different from that of 
the members. 


Plan 


Fig. E11.12.1. 
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1. Geometric properties of the joint 
Thickness of each side member, f; 


Thickness of central members, f2 
Width of all timber members, 
Bolt diameter, d 

Tensile stress area of a bolt, Apt 


Diameter of toothed-plate connector, 
d, (BS EN 912:2000) 


Thickness of metal in connector, t 


Height of each toothed-plate 
connector, Mi. 


Loaded end distance of the connection, 
ac3 t 


Minimum loaded end distance for a 
type Cl connector, acmin3; 

(equation (11.7); ECS, equation (8.75)) 
Minimum loaded end distance for 

the bolt, abming 

(Table 10.9 (ECS, Table 8.4)) 
Minimum loaded end distance 
permitted for this type of connector, 
434 


Angle of loading on the connection 
relative to the grain, a, in degrees 


Bolt spacing parallel to the grain, a, 


Minimum bolt spacing parallel to the 
grain based on Table 11.2, dic.min 


Minimum bolt spacing parallel to the 
grain based on Table 10.9, dip .min 


Minimum bolt spacing parallel to the 
grain permitted for this connector, 


Q1b.min 


Embedment depth per member, h,. 


Minimum thickness of outer member, 
to (equation (11.1) (ECS, 8.10.3)) 


t; = 36mm 
tp = 50mm 
h = 100mm 
d= 16mm 
Ape = 157mm? 
d. = 50mm 
t= 1.0mm 


h, = 13mm 
ac3, = 115mm 


acmin3, = 1.1-d, acmin3, = 55mm 


abmin3,, = max(7-d, 80mm) 
abmin3, = 112mm 
a3 = max(acmin3,, abmin3,) 


a3, = 112mm 
The loaded end distance is greater than the mini- 
mum distance; therefore OK 


a = 0- deg 


a, = 80mm 


Aicmin = (1.2 + 0.3 - | cos(a@)|) d, 


Aic.min = 75mm 
Q1b.min = (4 1 | cos(a)]) -d Q1b.min = 80mm 


Q\.min = max(@1b.min> A1c.min) 41min = 80mm 


ie. actual bolt spacing is equal to the minimum 
permitted spacing, therefore OK 


he —t 
he = 
D 


to = 2.25 he to = 13.5mm 


h, = 6mm 
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Minimum thickness of inner member, f; 
(equation (11.2) (ECS, 8.10.3)) 


Cross-sectional area of the side 
members — taking account of loss of 
area due to the bolt hole plus a 
tolerance of 1mm, A, 
Cross-sectional area of the inner 
members, with same tolerance 
allowance, Ain 

Number of toothed-plate connectors, 
per shear plane per row, Mp 


Number of bolts per shear plane per 


row, n 


Number of effective bolts per shear 
plane per row, ner,» (equation (10.45); 
ECS, equation (8.34)) 


2. Timber and bolt properties 


t, = 3.75h, t; = 36mm 
Each member thickness exceeds the 
minimum value, therefore OK 


As=h-t, —(d+1mm)-t 
A, = 2.99 x 1073 m? 


Ain = h- tz — (d — 1mm)- tft, 
Ain = 4.15 x 10° mm2 


, a 
Neth = min (n,n? 4 
13-d 


Nef.b = 1.47 


Table 1.3, strength class C22 (BS EN 338:2003(E), Table 1) 


Characteristic tension strength parallel 
to the grain, fio. 


Characteristic bearing strength 
perpendicular to the grain, f..90. 


Characteristic density of the timber, px 


Mean modulus of elasticity parallel to 
the grain, Eo.mean 


Mean density of the timber, p,, 


Tensile strength of each bolt, fax 


3. Partial safety factors 


fiok = 13 N/mm? 
feo0k = 2.4N/mm? 


Px = 340 kg/m? 
Eo.mean = 10kKN/mm2 


Pm = 410 kg/m? 
fuk = 400 N/mm2 


Table 2.8 (UKNA to BS EN 1990:2002, Table NA.A1.2(B)) for the ULS 


Permanent actions, yG.uLs 


Variable actions, yg.uLs 


Table 2.6 (UKNA to ECS, Table NA.3) 
Material factor for timber, YM timber 


Material factor for connections, 


YM.connection 


¥G.uLs = 1.35 
yo.uts = 1.5 


YM.timber = 1.3 


YM.connection = 1.3 
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4. Actions 
(i) Ultimate limit states (ULS) 


Characteristic permanent tensile 
action, Gx 


Characteristic variable tensile 
action, Ox 


Design value of the tensile force in the 
central member at the ULS, Fy 

(Table 2.8, equation (c) using the 
unfavourable condition variable action) 


(ii) Serviceability limit states (SLS) 


Design value of the tensile force in the 
central member at the SLS, Fass 
Based on the characteristic combination 
(equation (2.24); ECO, equation 
(6.14b)) 


5. Modification factors 
Factor for medium-duration loading 
and service class 2, Kmodmed 
(Table 2.4 (ECS, Table 3.1)) 


Size factor for width less than 150 mm, 
kn, 
Table 2.11 (ECS, equation (3.1)) 


1.0 ifh > 150mm 


150 Me 150 
ky = ( =) 1.3 > ( _ 


h 
1.3 otherwise 


Deformation factor for timber and 
service class 2, Kger 
(Table 2.10 (EC5, Table 3.2)) 


Gy, = 5.5kN 


Ox = 12.5kN 


Fa = Yo.uts * Gk + Yo.uLs + Ok 


Fy = 26.18kN 


Fasts = Gx + Ox 


Fasts = 18kKN 


Kmod.med = 0.80 


0.2 
) kn = 1.08 


Kaep = 0.80 


6. Tension strength of timber — ULS condition 
The design load case at the ULS will be due to a combination of the permanent and 


variable design loads. 


Design tensile stress parallel to 
grain in the side members, 0;.0.4.s 


Design tensile stress parallel to 
grain in the central members, o;.0.4.,; 


Design tensile strength of the timber 
in the joint parallel to grain, fio.4 


Pa oan O.0ds = 4.38 N/mm2 
t.0.d.s 2. A, t.0.d.s . 
Fy 2 
F.0d = G— O1.0.4.i = 6.31 N/mm 
Kmod.med * Kn St.0.k 
rae fe 


YM.timber fioa = 8.68 N/mm? 


Tensile strength of members is OK 
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7. 


10. 


Embedment strength of timber 

Characteristic embedment strength of timber parallel to grain, fy,x 
(equation (10.35); ECS, equation (8.32)) 

(The equation incorporates dimension 

factors for Mathcad.) 


3 
frk = 0.082(1 — 0.01 d mm=!) (o ~) N/mm? Sink = 23.42 N/mm? 
g 
Characteristic embedment strength of Soik = Snk Snax = 23.42 N/mm? 
the side timber members, fp.1.« 
Characteristic embedment strength of Sn2k = Sak Sn2x = 23.42 N/mm? 


the central timber members: fh.2.k 


Yield moment of bolts 
Characteristic yield moment of a bolt, My rx 
(Table 10.5 (ECS, equation (8.30)). 


(The equation incorporates dimension factors for Mathcad.) 
2 


ee -1)2.6 5 
My rx = 9.3 (Jus . ) -(dmm_*')"°N mm My rx = 1.62 x 10°? Nmm 


Withdrawal resistance of bolt 
Tensile strength of the bolt, F lax. rk Flaxrk = fuk: Abt 


(BS EN 1993-1-8, ignoring k factor) F lace = 6.28 x 104N 


Bearing capacity of the bolt washer 
(10.8.2 (ECS, 8.5.2(3)) 


Washer diameter used, dy, dy =3-d dy = 48mm 
Bearing capacity of the washer, 
F2axRk 
(10.8.2 (ECS, 8.5.2(2))) 
F2ax.Rk =3. Se.90k : 7 [d., = (d +1- mm)’)] FP2ax Rk =1.14~x 10*N 
Characteristic axial withdrawal Fax rk = min(F lax rk, F2ax.rk) 
capacity of the bolt, Fax rx Fux pk = 1.14 x 10¢N 


Load-carrying capacity 
(i) Bolt strength 


For a timber-to-timber joint with toothed-plate connectors, the characteristic lateral resis- 
tance per shear plane per connector bolt is the lesser of equations (10.7)—(10.10) in Table 10.2 
(ECS, equations (8.7)), where: 


= S24 pul 
Stk 
and 
Failure mode (g): Fyrkg = fnikti-d 
Fyrkg = 1.35 x 10¢N 
Failure mode (h): Fyrkh =9.5+ fhak:to-d 


Firkh = 9.37 x 10°N 
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Failure mode (j): 


Fyrkj = 1.05. feted [foe am SP CH Hie A] Fix. Rk 


2+ 6 frik ted 4 


Fire = 115« 10°N 
Failure mode (k) 


2-B 
Fy = 1.15-,./——- (2. M, . -d 
Rkk ‘i l+B ( yRk* Shik * d) + 


Fax Rk 


4 Fyrkk = 1.55 x 10*N 


Limiting Fx RK/4 to 25% of the 
Johansen part of the relevant equations: 
(10.3.5.3, (ECS, 8.2.2(2)) 


Failure mode (j): 


Rg = 125-105. Bist4 | by pa4 p+ PCED Mi 7] 


2+ B fark: t?-d 
Fy Rk jj = 1.08 x 104N 
Failure mode (k): 


2-8 
F, = 1.25-1.15-,./—— -2-M . -d 
Rkkk / +B ( y.Rk* Shik + @) 


Fy RK kk = 1.55 x 10*N 


The characteristic lateral resistance per shear plane per bolt will be: 
Fy rk.bott = MinN(y Rkg, Pv.rkn, Pvrkj, Pvrkks Pvrkij, Pv rk kk) 
Fy Rk bolt = 9.37 x 103 N 


i.e. failure mode (h) 


The characteristic lateral resistance Fy rk bolts = Fv.rk.bolt * Mef.b 
per shear plane provided by the bolts, F, rk bots = 1.38 x 10*N 
FF v.Rk.bolts 


(ii) Connector strength 


The characteristic lateral resistance per shear plane per toothed-plate 
connector will be Fy px, 


Modification factors: 


: ty ty 
Factor k, k,; = min({ 1, ; 


(equation (11.5); ECS, equation (8.73)) 3+ hte S+he 
kj=1 
Factor k ky = min (1. = ) 
(equation (11.6); ECS, equation (8.74)) Sde 
ko =1 
Factor k3 
(equation (11.10); ECS, equation (8.78)) 
. Px 
es : : k3 = min | 1.5, 
(The equation incorporates dimension 350- kg 
factors for Mathcad.) m3 
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11. 


Characteristic lateral resistance per shear plane per toothed-plate connector in the row, Fy rk 


(Equation (11.4); ECS, equation (8.72)) 


(The equation incorporates dimension factors for Mathcad.) 


1.5 
d, ) a 
mm 
Characteristic lateral resistance per shear 


plane provided by the toothed-plate 
connectors in the row, Fy.rkn 


Foxy = 25-ky kaka 


Characteristic lateral resistance per shear 
plane at each connection provided by the 
toothed-plate connectors plus the bolts in 
the row, Fy v.Rk.connection 

(equation (11.3)) 


The design resistance of each 
connection per shear plane per row, 
F, v.Rd 


The design strength of each 
connection, Fy Ra joint 


The design load on the joint, Fy 


Fyrk=8.59 x 10°-N 


Fyrkn = Fyrk: Ntp 
Fy rkn = 17.17KN 


Fy Rk.connection = Fy Rk.n + Fy Rk.bolts 


Fy Rk.connection = 30.94kN 


kmod.med : Fy Rk.connection 


F v.Rd = 
YM.connection 


Fy ra = 19.04kN 
Fy Ra.joint = 2° Fy.ra 

Fy Ra joint = 38.08 kN 
Fy = 26.18kN 


The design load is less than the design 
strength of the connection; therefore OK 


The instantaneous and final deflection of the joint at the SLS 
The design condition is taken to be based on the characteristic 


combination of actions at the SLS 


The slip modulus of a connector per shear 
plane at the SLS, Ker 

(Table 11.4) (ECS, Table 7.1) 

(The equation incorporates dimension 
factors for Mathcad.) 


The stiffness of each connection at the SLS, 
K ser.connection 

(2 No shear planes; 1, connectors per shear 
plane) 


The stiffness of the joint at the SLS, Ker joint 
(Figure 10.24) 


The instantaneous deflection of the joint at 
the SLS, dis, (allowing | mm tolerance for 
each connection) 

(equation (10.74) also applies to 
connectors) 


er 
(om . ) -d. mm! 
eee oe e 


N/mm 


Ker = 7.69 x 107? Nmm7! 
K ser.connection =2.- Np * K ser 


Kser.connection = 3.08 x 10* N/mm 


K ser.connection 


Keer, joint = 2 


Ker joint = 1.54 x 104 N/mm 


Fy sls 
Sins = >——— + 2mm 
ser.joint 
Oinsts = 3.17 mm 
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At the final condition, the deformation Kaet.j = 2+ Keer 
factor for a connection with the same 

time-dependent elements is 2K der 

(ECS, 2.3.2.2(3)) 


K ser. join 
The stiffness of the joint at the final K er-fin joint = a ; : 
condition at the SLS, Ker.fin joint + Kaet.j 
(equation (2.36)) 
F. 
The final deflection of the joint at the Ofin = ae +2mm Ofn = 5.04mm 
SLS, Ofin K ser-fin,joint 


Example 11.12.3 A timber-to-timber tension splice connection incorporating spacer timbers 
and connected by type A2 split-ring connectors, as specified in BS EN912:2000, is shown in 
Figure E11.12.2. The main members are 50mm thick by 150mm wide. The central spacer 
timber is 70mm thick. The split-ring connectors are held in place by 12-mm-diameter bolts 
fitted with washers compliant with the requirements of EC5, /0.4.3. The split-ring connec- 
tors are 150mm apart. The connection is subjected to a tensile design force of 60 KN at the 
ULS and a tensile design force of 40kN at the SLS, both arising from a combination of a 
permanent and medium-term variable actions. The connection functions in service class 2 con- 
ditions and all of the timber is strength class C22 to BS EN 338:2003. 

Confirm the joint complies with the rules in EC5 and determine the instantaneous deflection 
of the connection at the SLS. 


Member 1 


1. on 1. 
=== 
=| == Member 2 


tot = Member 3 


Type A2 split ring connector 


to BS EN 912 Elevation 


Plan 


Fig. E11.12.2. 
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1. Geometric properties of the joint 


Thickness of member 1, f; t; = 35mm 

Width of member 1, h, h, = 150mm 

Thickness of member 2, fy tp = 50mm 

Width of member 2, hy hy = 150mm 

Thickness of member 3, f3 tz = 70mm 

Width of member 3, 3 h3 = 150mm 

Split-ring connector, type A2, diameter, d, = 72.0mm 

as EN 912:2000) 

Bolt diameter to be used with the d=12mm 

connector, d Satisfies the criteria in EC5, 10.4.3(4) 


(Table 11.3 (EC5, Table 10.1)) 


Loaded end distance of all a3, = 125mm 
members, 43; 


Minimum loaded end distance, amin3, amin3,=1.5- d, amin3, = 108mm 
(Table 11.2 (ECS, Table 8.7)) 
Loaded end distance exceeds minimum 
permitted value; therefore OK 


h 
Unloaded edge distance of all d4¢ = . d4¢ = 75mm 
members, 4.¢ 
Minimum unloaded edge distance, aming,. = 0.6: d, aming,. = 43.2mm 
aming.. 
(Table 11.2) Unloaded edge distance exceeds minimum 
permitted value; therefore OK 
Connector spacing parallel to the a, = 150mm 
grain, a, 


Angle of connector force parallel to the a = 0.deg 


grain, a 
Minimum connector spacing permitted amin, = (1.2 + 0.8 - |cos(a@)]) - de 
parallel to the grain, amin, amin, = 144mm 


Table 11.3 (EC5 Table 8.7) 
Distance between connectors exceeds the 
minimum value; therefore OK 


Thickness of metal in connector, t t=4.1mm 
(BS EN912:2000) 
Height of split-ring connector, h, h, = 19.0mm 


(BS EN912:2000) 
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he 
Embedment depth of split-ring h.= ey h. = 9.5mm 
connector, he 
(BS EN912:2000) 
Minimum thickness of side member, ti.min = 2.25-he thmin = 21.37mm 
tt min» 
(equation (11.12)) 
Minimum thickness of members 2 t, = 3.75 -he t, = 35.62mm 
and 3, fj i.e. the thickness of members 2 and 3 exceed 
(equation (11.13)) the minimum values; OK 


Cross-sectional area of each member | — taking account of loss of area due to the 
bolt hole and the split ring, A; 


Ay = hy +t) — (de he) — (d + 1mm) - (ty — he) A, = 4.23 x 10? mm? 


Cross-sectional area of each member 2 — taking account of loss of area due to the 
bolt hole and split ring, Az 


Ap = hy + ty — 2+ (do + he) — (d + 1mm): (f — 2+ he) Ao = 5.73 x 10? mm? 


Cross-sectional area of member 3 — A3=2-A, 
taking account of loss of area due to the 
bolt hole and split ring, A3 


Number of shear-plate connectors n=2 
parallel to the grain in each shear plane 
of each connection, 1 


Effective number of shear-plate Nep = 2+ (1 _ =) -(n — 2) 
rd 20 

connectors parallel to the grain in each 

shear plane of each connection, er 

(equation (11.25); EC5, equation Net = 2 

(8.71)) 


. Timber strength properties 
Table 1.3, strength class C22 (BS EN 338:2003(E), Table 1) 


Characteristic tensile strength of the fox = 13 N/mm? 
timber, /1.0.k 

Characteristic density of timber, po Px = 340 kg/m? 
Mean density of timber, On Pm = 410 kg/m? 


. Partial safety factors 
Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor for connection, YM.connection = 1.3 


YM.connection 


Material factor for members, yy timber YM.timber = 1.3 
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4. Actions 
Design force on the connection at the Fauts = 60kN 
ULS, derived from a combination of 
permanent and medium-term variable 
loading, Fauts 


Design force on the connection at the Fasts = 40kN 
SLS, derived from a combination of 

permanent and medium-term variable 

loading, Fa.sis 


5. Modification factors 
Factor for medium-duration loading Kmod.med = 0.80 
and service class 2, kmod.med> 
(Table 2.4 (ECS, Table 3.1)) 


As tension members are 150 mm ky =1 
wide, k, = 1 
(Table 2.11 (ECS, equation (3.1))) 


6. Design forces and the strength of the shear planes in the connection 
The connection is taken to comprise two double shear connections, one 
on either side of the longitudinal centre line 


Shear plane 1 (shear plane between members 1| and 2 (taking member 3 
to be 35 mm thick): 


Capacity of the split-ring connector between members | and 2: 


t t 

Factor k1, kl) =min(1, 3h ) kl, =1 
(equation (11.17); ECS, ‘ 
equation (8.62)) 
Factor k1> kl) = min (1.00. os) kly = 0.87 
(equation (11.18); ECS, fe 
equation (8.63)) where k, = 1 

: Px 
Factor k13 k13 = min | 1.75, aS k13 = 0.97 
(equation (11.19); ECS, S50. 
equation (8.65)) m 
Factor k14: klyg=1 


Timber-to-timber k4 = 1 
(equation (11.20); ECS, 
equation (8.66)) 


Characteristic load-carrying capacity of a split-ring connector between members 
1 and 2, Fly rx 
(equation (11.16); EC5, equations (8.61)) 
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Block shear failure 


Flay rx => kl, -k1o -k13 -k1qg- 35 : ( 
m 


Embedment failure 


Fibyr, = kl, -k13- 


e€ 


-31.5- 
mm 


Characteristic load-carrying capacity of 
the split-ring connector between members 
1 and 2, Fly pa 


Design capacity of the split-ring 
connection in the shear plane between 
members 1 and 2, Fly Ra 


Design capacity of the connection, Fy pq 
Based on four shear planes per connection 


Design force on the connection, F4.uts 


d 1.5 
7 ) -N F lay px = 18.03kN 
m 
d. 
.N F 1b, rx, = 20.93 kN 
mm 


Fly rk = min(F lay rk, F 1by px) 
Fly pr, = 18.03 kN 

i.e failure condition will be due to block 
shear 


kmod.med 


Flvra = : Flyrk * Nef 
YM.connection 
Fly ra = 22.19kN 
Fyra = 4 Flyra Fyra = 88.77 kN 


Fa.uts = 60 kN 
i.e. the design force is less than the design 
capacity of the connection; therefore OK 


. Tensile strength of the timber members — ULS condition 
Apportioning the force in each member on the basis of the design strength of the 


connector(s) connected to it: 


Design force in member 1, Flq 


Design force in member 2, F2q 


Design force in member 3, F3q 


Design tensile stress parallel to the grain 
in member 1, o lio 


Design tensile stress parallel to the grain 
in member 2, 02:0. 


Design tensile stress parallel to the grain 
in member 3, 034.04 


Design tensile strength of the timber 
parallel to grain, fto.4 


F. 
Flq = Louts 
4 
F. 
F24 = faues 
2 
Fauts 
F3g= 
Fig ‘5 
oltoad = — 0 lioa = 3.54N/mm 
Aj 
F2q ‘ 
o204= — 02:04 = 5.24N/mm 
A2 
F3 
o3t0d = = o310.4 = 3.54 N/mm? 
A3 
Kmod.med * Kn: ft.0.k 
Sioa = f 


YM, timber 
fio. = 8 N/mm? 


i.e. the tensile strength of the timber exceeds 
the design stress; therefore OK 
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8. The instantaneous deflection of the joint at the SLS 


The slip modulus of a connector per 
shear plane at the SLS, Ker 

(Table 11.4 (ECS, Table 7.1). 

The equation incorporates dimension 
factors for Mathcad.) 


The stiffness of each connection at the 
SLS, i.e 4 No shear planes; 1 connectors 
per shear plane; K ser.connection 


The stiffness of the joint at the SLS, 
K. ser.joint 


(Figure 10.24) 


The instantaneous deflection of the 
joint at the SLS, dinst 


3 de 
Cane aes 
- kg mm 
aa p 
Ker = 1.48 x 10* N/mm 


K ser.connection =4-n- Ker 
_ ay 
K ser.connection = 1.18 x 10 N/mm 


K ser.connection 


K ser joint = 2 
Ker joint =5.9x 10* N/mm 
Fases 
Sinst SS 
Ker .joint 


Oinst = 0.68 mm 


Chapter 12 


Moment Capacity of Connections Formed with 
Metal Dowel Fasteners or Connectors 


12.1 INTRODUCTION 


When a connection in a structure is subjected to rotation, provided there is no relative 
movement between the members of the connection, all elements will be subjected to 
the same rotation. Under this condition, the connection is classified as rigid and will 
provide maximum rotational stiffness to the structure. At the other extreme where the 
members in a connection are held in position but free to rotate relative to each other, no 
moment can be transferred and this condition is classified as pinned. When the degree 
of fixity in the joint is between these states, it is classified as semi-rigid. 

In timber design it is normal practice to assume that connections are either rigid 
or pinned, however, the reality is that in service they will, to varying degrees, exhibit 
semi-rigid behaviour. When a connection is subjected to a moment, the stress re- 
sultants in the connection are transferred between the connection members by the 
fasteners/connectors and movement in the connection will arise from a combina- 
tion of movement due to the take-up of tolerance allowances, embedment of the 
fasteners/connectors in the connection members, and, where the fasteners being used 
are relatively flexible (e.g. nails, bolts, etc.), by deformation of the fasteners. As the 
stiffness of the members is generally large relative to the stiffness of the fastener con- 
figuration, their flexural, axial and shear deformations are normally small compared to 
the deformation arising from the combined embedment and fastener/connector defor- 
mation, and are normally neglected. 

In this chapter, a design procedure for rigid and semi-rigid connections formed with 
metal dowel type fasteners or connectors and subjected to moment induced by lateral 
loading is addressed. 

Unless otherwise stated, where reference is made to the use of fasteners, this is to be 
interpreted to mean either metal dowel type fasteners or connectors and when referring 
to the number of fasteners, when connectors are being used this is to be understood to 
mean the number of connector bolts. 

The general information in 4.3 is relevant to the content of this chapter. 


12.2. DESIGN CONSIDERATIONS 


Connections subjected to moment have to satisfy the relevant design rules and require- 
ments of ECS [1] and the limit states associated with the main design effects are given 
in Table 12.1. 
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Table 12.1 Main design requirements for connections 
subjected to moment due to lateral loading and the associated 
ECS limit states 


Design or displacement effect ECS limit states 


Moment strength due to lateral loading ULS 
Displacement (rotation) SLS 


The strength and displacement requirements for connectors are the same as those 
required for metal dowel type connections referred to in 10.1, and reference to dis- 
placement effect relates to rotational movement within the connection. 


12.3. THE EFFECTIVE NUMBER OF FASTENERS IN A ROW IN 
A MOMENT CONNECTION 


When a connection is subjected to a moment the direction of the force in each fastener 
in the connection will vary and where the fastener configuration is such that: 


(a) no row exists where a force component from two or more fasteners in the row is 
parallel to the grain in any of the connected members, 

(b) or there are rows where the above situation will arise but the spacing between 
the fasteners parallel to the member grain complies with the criteria given in 
Table 12.2, 


the full number of fasteners in the connection can be used. 
Where the above conditions do not apply, for all design checks on the capacity of 
fasteners loaded parallel to the grain of a member, the effective number of fasteners 


Table 12.2 Criteria at which the full number of fasteners in a row can be used in 
strength calculations 


Fastener type Criteria for fasteners in a row with a force 
component parallel to the grain of a member 


Nails (<8 mm in diameter) and The spacing between adjacent fasteners 

screws (<6 mm in diameter) having a component parallel to the grain 
must be > 14d (Table 10.10) 

Nails (>8 mm in diameter), The function n°? 4 Tad must exceed 1 

screws (>6 mm in diameter), (Equation 10.45) 

bolts or dowels 

Toothed-plate connectors Always use the full number of connectors 

Ring and shear plate connectors Where there are no more than two 


connectors per shear plane a row having a 
component parallel to the grain. 


d is the fastener diameter (in mm); n is the number of fasteners in the row with a component parallel 
to the grain; a; is the distance parallel to the grain between adjacent fasteners in the row. 
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Table 12.3 Minimum edge, end and spacing criteria for fasteners used in moment connections 
using timber to timber* 


Edge distance** Loaded end Lateral spacing** 
Fastener (a4, and a3,c) distance** (a3) (a, and a2) 
Nails, screws: px < 420 kg/m d >5mm; 10d d>5mm; 15d d>5mm; 12d 

d < 5mm; 7d d <5mm; 15d d <5mm; 10d 
Nails, screws! : 420 kg/m3 d >5mm; 12d d > 5mm; 20d d >5mm; 15d 
<p, < 550 kg/m? d < 5mm; 9d d < 5mm; 20d d < 5mm; 15d 
Nails, screws!: with pre-drilled d > 5mm; 7d d > 5mm; 12d d >5mm; 5d 
holes d <5mm; 5d d <5mm; 12d d <5mm; 5d 
Bolts, dowels and screws! 4d The greater of 7d 6d 

or 80mm 

Toothed-plate connectors d, 2d. 2d. 
Ring or shear plate connectors d,. 2d. 2d. 


Px is the characteristic density of the timber (in kg/m?); d is the diameter of the nail, bolt or dowel (inmm); dg is the 
dimension of the fastener given in BS EN 912:2000 [2] (inmm). 

*When using panel or steel gusset plates connected by nails, it is proposed that the criteria given in Chapter 10 for nailed 
timber-to-timber connections should apply. 

‘Only applies to screws <6d. 

*Only applies to screws >6d. 

**Spacing Symbols are as shown in Fig 10.11. 


in a row, as defined in Chapter 10 for metal dowel type fasteners and Chapter 11 for 
connectors, must be used. 


12.4 BRITTLE FAILURE 


The ductile strength of a connection subjected to a moment can only be achieved if 
there is no brittle failure caused by premature splitting or shearing of the timber. 

In order to prevent this type of occurrence, EC5 gives minimum edge, end and 
spacing criteria for use with metal dowel type fasteners and connectors loaded laterally. 
These are to be considered as recommended minimum values and if anything larger 
spacings and distances should be adopted. From the ECS requirements and adjusting 
as considered appropriate, Table 12.3 gives suggested criteria for the types of fasteners 
commonly used in moment connections. 

Also, to prevent splitting in timber when using nails greater than 6 mm in diameter, 
pre-drilling must be used and the particular requirements for these fasteners are given 
in Section 10 of ECS. Pre-drilling is also necessary to allow nails to be fixed in dense 
timber is a requirement for nails if the characteristic density is >500 kg/m?. 


12.5 MOMENT BEHAVIOUR IN TIMBER CONNECTIONS: 
RIGID MODEL BEHAVIOUR 


Validation of the strength of a connection required to transfer a moment in a structure 
is undertaken in two stages. There is the analysis of the structure to determine the 
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12.5.1 


stress resultants the connection will be subjected to and this is followed by the design 
procedure to demonstrate that the connection is strong enough to resist these forces. 

Unless a structure is statically determinate, depending on whether connections be- 
have in a rigid or a semi-rigid manner, the force distribution in a structure in which 
connections are designed to transfer moment will differ. When the connections are rigid 
in behaviour the structure will be at its stiffest and when they are semi-rigid the stiffness 
will be reduced and the stress resultant distribution around the structure will change. 

The elastic analysis of indeterminate timber structures fitted with connections that 
exhibit rigid behaviour can readily be undertaken using traditional methods or by 
common software applications. The connections are considered to be rigid and the 
stiffness properties of the members will be determined as defined in 2.3.4.2. Where the 
connections in the structure are semi-rigid in behaviour, the analysis procedure has to 
be modified, as discussed in 12.6. 


Assumptions in the connection design procedure 


When designing a timber connection subjected to moment, because the members of 
the connection are generally stiff in comparison with the stiffness behaviour of the 
connection fasteners, to simplify the analysis it is normal practice to assume that the 
members behave as rigid elements. This is a reasonable assumption provided that 
there is no significant bending of the members over the length of the connection and 
should be achieved by ensuring that the bending stresses in the connection members 
are relatively small. 

All movement is taken to be due to displacement at the fastener position, and in the 
rigid model approach, the following assumptions are made: 


(a) The position of the centre of rotation of the fasteners in the connection remains 
fixed. When a connection is subjected to a moment as well as lateral loading, 
the forces induced in the fasteners will depend on whether or not the centre of 
rotation of the connection is fixed or changes as the loading increases. In timber 
connections, the centre of rotation will normally change as the loading is applied. 
However, because of the relatively high rigidity of the fastener configurations 
normally used in structural connections, the change in position will generally be 
small and in the rigid model approach the assumption is made that the centre of 
rotation is fixed. On this basis, the centre of rotation is taken to be the centroid 
of the fastener group. Where the fasteners are all the same size, which is normal 
practice in a timber connection and has been assumed for the design procedures 
in this chapter, the centre of rotation will be the geometric centre of the group. 

(b) From the assumption in (a), when lateral shear forces act on a connection, each 
fastener will take an equal share of the force. Hence, if the shear force per shear 
plane in the connection is Hy and there are n fasteners per shear plane, the lateral 
force taken by each fastener in the shear plane, Fy.a, will be: 


Ag 
Fa = — (12.1) 


(c) Adopting the conservative approximation that all fasteners in the connection will 
have the same linear load-stiffness behaviour, for a rigid connection condition 
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Fastener J max 


Fastener 7 


Fastener group position after 
rotation of connection under 
the action of a moment 


C, centroid of the 
fastener group 


Fig. 12.1. The rotational behaviour of fasteners in a connection. 


the forces in the fasteners can be derived using either a rigid model approach or 
by assuming that there will be a small rotation between the adjacent connection 
members. The same result will be obtained from either approach and the latter 
method has been used in the analysis. 

Although the above assumption means that the strength of the connection 
will be independent of the fastener stiffness, the ultimate limit states (ULS) slip 
modulus will be taken to apply in the development of the solution. 

Assuming a small rotation of the member in the connection when loaded by 
the action of a moment, the fasteners will rotate about the centre of rotation and 
transfer load by embedding stresses to the other members in the connection. 

The further the fastener is from the centre of rotation, C, the greater will be 
the associated displacement and the maximum displacement will occur at the 
fastener furthest from the centroid, as shown in Figure 12.1. When the connection 
is subjected to a rotation, 7, fastener, imax, at the greatest distance from the centre 
of rotation, max, Will have the largest displacement, 6,,x, and the displacement 
of any intermediate fastener iat a distance r; from the centroid will be: 


Tj 
6j = dmax (12.2) 


Tmax 


(d) The linear load-stiffness behaviour of each fastener complies with the stiffness 
requirements of EC5 and the direction of the force in each fastener is taken to 
be at right angles to the line joining the fastener and the centre of rotation in the 
unstressed condition. 

(e) The spacing of fasteners will be such that premature splitting of the timber or 
wood-related product will not occur. Guidance on this is given in 12.4. 


Incorporating the above assumptions into the design procedure, elastic theory can be 
used to analyse the moment behaviour and a conservative assessment of the connection 
strength should be achieved. 


488 Structural Timber Design to Eurocode 5 


12.5.2 
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Fig. 12.2. Connection subjected to a combination of moment and lateral forces. 


Connection design procedure 


Consider a single or double shear connection with the generalised fastener configuration 
shown in Figure 12.2, in which there are n fasteners of the same size in a regular pattern. 

At the ULS design condition each shear plane of the connection is subjected to a 
combination of moment, Mg, and lateral forces, Ha and V4q. 

The fastener at the greatest distance from the centroid will have the maximum 
movement (and hence force) under the action of the moment, and when including for 
the additional effect of the lateral forces Hg and V4, fastener A in Figure 12.2a will be 
subjected to the greatest combined force. 

Consider the connection subjected to a moment per shear plane, Mg, causing a 
rotation # and a lateral displacement of 5max in fastener A, as shown in Figures 12.2b— 
12.2c. 

At the ULS, assuming that the slip modulus of each fastener is, say, K, for this 
loading configuration the maximum force, Fin.dmax, Will be in fastener A and can be 
written as 


Fin,d,max = K dmax = Krmax6 (12.3) 


where ? is the rotation of the connection under the action of Mq and rpax is the radial 
distance from the centroid to fastener A. 
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Similarly, from the relationship in equation (12.2), the force in any intermediate 
fastener, i, will be: 


"i 
F, = K6; = Krpaxd 


(12.4) 


Tmax 


where 4; is the lateral movement of fastener i, r; is the radial distance of fastener i 
from the centroid, and the moment taken by fastener i will be: 


2 pe 


r: 
Mi = Fir; — Krmax —— = m,d,max —— (12.5) 


Tmax Tmax 
The moment taken by the n fasteners per shear plane in the connection will be: 


Fee at 
fig pea ye (12.6) 
Tmax j=1 


From the above equation, it is to be noted that, as stated in 12.5.1, the moment in the 
connection is independent of the stiffness of the fastener and from this relationship the 
maximum force per shear plane, Fin.d,max, under the action of the moment will be: 


Tmax 

n 2 
oh 
If the lateral horizontal and vertical forces per shear plane in each fastener are now 
considered, 


Fin,d,max = Mg (12.7) 


Ag 
Fiva = — and Fya = —_ (12.8) 
n 


When Mg, Ha and Vg are acting on the connection, the largest force will be in fastener 
A, and will be obtained from the vector sum of the forces calculated from equations 
(12.7) and (12.8). The vector forces are shown in Figure 12.3 and the maximum force 
in this fastener per shear plane, Fy, will be: 


Fa = (Fa + Fosamax 00S BY + (Fa + Fn.dmax Sin BY? (12.9) 
and the angle, a, of Fy from the horizontal axis will be: 


Fia + Fin djmax sin B 
Fy 


a@ = arccos ( (12.10) 
When a circular pattern is used for the fasteners, which is common practice for moment 
resisting connections, the above equations can be simplified. If there are fasteners lying 
on the horizontal axis through the group centroid, as shown in Figure 12.4, the fastener 
with the greatest load will be fastener A and the force per shear plane in that fastener, 
Fy, and the angle of inclination of this force to the horizontal, a, will be: 


Fa= ei (Fuad t+ Fma)? + Fira (12.11) 
i 
a@ = arccos (4) (12.12) 
Fa 
and 
Ma 
Fn = — (12.13) 


nr 
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Fig. 12.3. Vector sum of all forces on fastener A. 


where n is the number of fasteners in the circle and r is the radius of the fastener group, 
and F, 4 and Fy,q are as previously defined. 

The force in the maximum loaded fastener per shear plane must now be shown to 
be no greater than the lateral design strength per shear plane of the fastener, obtained 
as described in Chapters 10 and 11 for metal dowel type fasteners and connectors, 
respectively. 


12.5.3 Shear strength and force component checks on connections subjected to a 
moment and lateral forces 


12.5.3.1_ Shear strength 

In the typical connection discussed in 12.5.2 the vertical and horizontal components 
of the forces in the fasteners will generate shear forces in the connection members 
and where these act perpendicular to the grain in a member its shear strength must 
be checked. Where a rectangular rather than a circular grid of fasteners is to be used, 
because of the forces in the fasteners in the corner zones it is to be noted that there will 
be a greater risk of timber splitting. For the connection shown in Figure 12.5, there will 
be force components from the fastener loads perpendicular to the grain in member | 
and in member 2 and strength checks are required for both members. 

When considering member 1, under the force configuration shown in Figure 12.5, 
for most practical joint configurations the maximum shear force perpendicular to the 
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Fig. 12.4. Circular group of fasteners in the connection. 
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Fig. 12.5. Shear force analysis of member 1 subjected to moment My per shear plane. 


grain within the boundary area of the connection will occur to the left of the centre of 
rotation and will envelope the fasteners within the shear zone area shown in the figure. 
Consider each shear plane in the connection subjected to moment Mg and lateral 
forces V4 and Hy. Under the action of the design moment only, lateral forces will be 
induced in the fasteners and the force in fastener i in the shear zone area will be as 
shown in Figure 12.5a. The radius of the fastener from the centroid of the connection 
is r; and is at an angle @; to the horizontal. The vertical design force per shear plane in 
the fastener, Fyyi,a, Shown in Figure 12.5b, can be written as: 
Yj Ix; Ix; 


Fuwy.id = F; cos Gi = £m,djmax— * = £m,djmax —_ (12.14) 
Tmax Tj Tmax 


where |.x;| is the absolute value of the x coordinate of fastener 7. The origin of the coor- 
dinate system is the centre of rotation of the fastener configuration in the connection. 
The summation of the vertical component of the forces in the fasteners in each line 
j to the left side of the centre of rotation arising from the design moment, Mag, will be: 
line j 
ee eye (12.15) 
Tmax max 
where the functions are as previously defined, and Fy.y,a,; 18 the vertical shear force 
per shear plane in each line j in the zone arising from the applied moment Mg and n; 
is the number of fasteners in the shear plane in line /. 
If the connection is now subjected to the vertical design force, Va, in accordance 
with the assumption in 12.5.1(b), the vertical lateral force taken by each fastener in the 
shear plane, Fy.y;,.a, Shown in Figure 12.6, will be: 


Va 
Fyy,id = 7 (12.16) 


where n is the number of fasteners in the shear plane. 
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Fig. 12.6. Shear force in each fastener due to vertical force, Va, per shear plane. 


When the connection is subjected to the horizontal design force, Hy, the horizontal 
lateral force taken by each fastener in the shear plane, Fyn,;,4, Shown in Figure 12.7, 
will be 


Ag 
Fini = a (12.17) 


When considering only member 1, the forces contributing to the vertical shear force in 
the member will be those arising from the application of the design moment, Mg, and 
the vertical design shear force, V4. 

The vertical design shear force per shear plane on member 1, Fy.y,a, will be the 
maximum shear force in the shear zone. This is obtained by starting at the left side 
of the zone and evaluating the cumulated shear force across the zone. The maximum 
value will depend on the fastener configuration and the value of the vertical shear 
design force, V4. For the case shown in Figure 12.5 the maximum value, Fy.y.4, will 
be as follows: 
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Fig. 12.7. Shear force in each fastener due to horizontal force, Ha, per shear plane. 
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e In the first line of fasteners: 


Fa max 
TR el “Vs (12.18) 


Flyyva= 


Tmax 


e In the second line of fasteners: 


Fin.d.max nNe2 
| = Fly yd + nNe2 |x2| — — V4 (12.19) 
n 


Vmax 


e The maximum value will be: 
Fy vd = max {Fly.va, F2v.v,a} (12.20) 


(Note that for the example used the first line is the line furthest from the centroid 
and the second line is the line closest to the centroid. For connections with greater 
numbers of lines of fasteners, the process must be extended to cover all of the 
lines in the zone.) 


In equation (12.18) and (12.19), n is as defined in equation (12.16) and the number 
of fasteners in the shear plane is ¢, in the first line and nz in the second line. 

The shear force in member | will generate splitting forces in the member within 
the boundary area of the connection, however, the splitting equation in ECS, equation 
(8.4), does not apply to this loading condition. Assuming tension splitting will not be 
critical, the strength check will relate to a confirmation that the shear strength of the 
member within the boundary area is not exceeded and for member | this will be 


2 3 hes )k mod Auk 


2 (12.21) 
3 YM, connection 


Fy 


where, for a member with a rectangular cross-section, b (mm) thick and h (mm) deep, 
Kmod 18 the modification factor for load duration and service classes as given in Table 2.4, 
ym is the partial coefficient for material properties, given in Table 2.6, and f,, is the 
characteristic shear strength of the member and values for the shear strength of timber 
and wood-based structural products are given in Chapter 1, hf, is the effective depth, 
allowing for fasteners holes. 

When considering member 2, for the loading configuration shown, the maximum 
shear force perpendicular to the grain within the boundary area of the connection will 
occur in the shear zone below the centre of rotation as shown in Figure 12.8a. 

As for member 1, consider the connection to be subjected to the moment and the 
lateral forces separately. Under the action of the design moment Mg, the lateral force in 
fastener i in the zone area will be as shown in Figure 12.8a. The radius of the fastener 
from the centroid of the connection is 7; and is at an angle f; to the vertical. The 
horizontal design force per shear plane in the fastener, Fynia, Shown in Figure 12.8b, 
will be 


Fund = F; COs Bi = f'm,d,max—* = £’'m,d,max —_ (12.22) 


where |y;| is the absolute value of the y coordinate of fastener i. 
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Fig. 12.8. Shear force analysis of member 2 subjected to moment Mg per shear plane. 


The summation of the horizontal component of the forces in the fasteners in each 
row k acting perpendicular to the grain in member 2 arising from the design moment, 
Mag, will be: 


rowk 


Fa, Fa, 
Fringe = —™ DO bye] = — x ly (12.23) 


Tmax Tmax 


where the functions are as previously defined, and Fyh.a,x is the horizontal shear force 
per shear plane in row k in the zone arising from the applied moment Mg and nx is the 
number of fasteners per shear plane in row k. 
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Fig. 12.9. Shear force in each fastener due to horizontal force, Ha, per shear plane. 
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If the connection is now subjected to the horizontal design force, Hg, in accordance 
with the assumption in 12.5.1(b), the horizontal lateral force taken by each fastener in 
the shear plane, Fiz,n,i,a, Shown in Figure 12.7, will be: 


Hg 
Fini = = (12.24) 


Although there will be vertical forces in the fasteners due to the vertical design force 
Va, these will not influence the horizontal shear force and need not be considered. The 
horizontal design shear force per shear plane on member 2, Fyy,4,4, Will be the maximum 
shear force in the zone. It is obtained by starting at the bottom line in the zone and 
progressively evaluating the cumulated shear force within the zone. The maximum 
value will depend on the fastener configuration and the value of the applied horizontal 
shear force. For the case shown in Figure 12.5 the maximum value, Fy.y,4, will be as 
follows: 


e In the first row of fasteners, 


(eee 
MG ly | < Hs (12.25a) 


Fluna = 
Tmax 


e In the second row of fasteners, 


F'd,max Ny2 
Fund = Flag + ny lyk Ag (12.25b) 
In the third row of fasteners, 
F'.d,max Ny3 
F3y nd = F2uh,.4 + 5 ny3 |y3| = Hy (12.25c) 
e The maximum value will be 
Funda = max {Flin F2u,na> F3u,h.a} (12.25d) 


(Note that the first row is the row furthest from the centroid, the second row is 
next closest to the centroid, and the third row is the row closest to the centroid. For 
connections with greater numbers of rows of fasteners, the process is extended to 
cover all of the rows in the zone.) 


In equation (12.25) n is as defined in equation (12.16) and the number of fasteners 
in the shear plane in each row is n,; in the first row, n,2 in the second row and n,3 in 
the third row. 

As for member 1, since no guidance is given in ECS to enable the splitting capacity 
of member 2 to be checked, the shear strength of the member within the boundary area 
of the connection should be checked as follows: 


2 (bhep K mo v 
rae pK mod fv,k 


3 YM, connection 


(12.26) 


where the member thickness is b (mm) and the depth is / (mm) and the other symbols 
are as previously defined. 

It should be noted that if there are n,, shear planes in the connection (e.g. in a 
three-member connection formed by another member | fastened to the other face of 
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member 2 using the same fastener configuration, n,, = 2), the design force to be taken 
by member 2 will be the force per shear plane multiplied by ngp. 


12.5.3.2. Force component checks in a row of fasteners parallel to the grain 
As stated in 12.3, where the fastener configuration in a connection is such that: 


(a) no row exists where a force component from two or more fasteners in the row is 
parallel to the grain in any of the connected members, or, 

(b) there are rows where the above situation will arise but the spacing between 
the fasteners parallel to the member grain complies with the criteria given in 
Table 12.2, 


the full number of fasteners in the connection can be used. 

However, where the above criteria are not met EC5 rules require that where a row of 
fasteners is acted on at an angle to the grain, it must be verified that the force component 
parallel to the row will be less than or equal to the load-carrying capacity of the row 
based on the use of the effective number of fasteners in the row, nes. The effective 
number of fasteners is defined in Chapter 10 for metal dowel type fasteners and in 
Chapter 11 for connectors. 

For this situation, the reduced capacity of each fastener in a row will be obtained by 
multiplying the design lateral capacity of the fastener when loaded parallel to the grain 
by ne¢/n and the result must be shown equal to or greater than the value of fastener 
force component in the row acting parallel to the grain. 

Consider, for example, a connection subjected to combined moment and lateral 
forces where the design forces in a row of fasteners in member | are as shown in 
Figure 12.10. The force in fastener i, F;,4, will have the following value of component 
acting parallel to the grain: 


Fria = Fi,a cos ¢; (12.30) 


4 
( Member 2 
Member | 


Fastener i 


A row of fasteners in 
member | 


Fig. 12.10. Forces in a row of fasteners in a connection subjected to combined moment 
and lateral loading. 
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The capacity of each fastener in the row, F, 4, will be: 


Net . k mod F v,Rk 
n YM, connection 
where the symbols are as previously defined and Fy px is the characteristic load-carrying 
capacity of the fastener, derived as described in Chapters 10 and 11 for metal dowel 
type fasteners and connectors, respectively. 

To comply with the requirements of EC5 the design condition to be satisfied will be 


Fya = @231) 


max{fhi,qcos Gi} < Fya 


where max{ Fy,,;,q cos ¢;} is the component of force with the largest value acting along 
the direction of the row. For a regular pattern, the value will be the same for all fasteners. 


See Example 12.8.1. 


12.6 THE ANALYSIS OF STRUCTURES WITH SEMI-RIGID CONNECTIONS 


12.6.1 


If the connections in a statically indeterminate structure exhibit semi-rigid rather than 
fully fixed rotational behaviour, there will be a reduction in the stiffness of the structure 
leading to smaller moments at connections, an increase in member span moments and 
an increase in those displacements that are affected by the moment distribution in the 
structure. By taking the effect of semi-rigidity into account, in the analysis process a 
more realistic assessment of the moment distribution and displacement behaviour of 
the structure will be obtained. 

ECS allows the structural model in an analysis to take into account the effects of 
deformations of connections having adequate ductility and by using the slip properties 
of the fastener types given in ECS a methodology can be developed to accommodate 
semi-rigid behaviour. 

For semi-rigid rotational behaviour, the moment in the shear plane of a connection, 
M, can be related to the relative rotation 3, between the adjacent connection members 
by the following relationship, 


M =kd, (12.32) 


where k is the secant rotational stiffness, and will be referred to as the rotational stiffness 
of the connection. The rotational stiffness of a rigid, pinned or semi-rigid connection 
is shown in Figure 12.11. 

With a rigid connection, irrespective of the value of the moment, the relative rotation 
of the connection members will be zero and the M — 9, relationship will be a vertical 
line acting through the origin as shown in Figure 12.11b. The rotational stiffness for 
this condition will be infinity. For a pinned connection, no moment can develop and the 
M — #0, relationship will be a horizontal line acting through the origin. The rotational 
stiffness for this condition will be zero. All conditions between these extremes will 
constitute semi-rigid rotational behaviour. 


The stiffness of semi-rigid moment connections 


A possible method for taking into account the effect of semi-rigid moment connections 
on the behaviour of a structure, which has been widely used in the analysis of steel 
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A Rigid joint, k= °° 


SLS rotational stiffness, 
based on Ker 


vA pi semirii im er 


Stiffness & : onne ion ro_ ion 


HY ee si ness k 
M a ULS rotational stiffness, based on K, 


/ Pinned joint, k= 0 


eee 


T 
(a) Semi-rigid connection (b) Moment-rotation behaviour 


Fig. 12.11. Different types of rotational stiffness, k, in a timber connection. 


structures but to a lesser degree in timber structures, is to represent the rotational 
stiffness of each connection by a spring. 

Where the rotational stiffness varies, an iteration procedure has to be incorporated 
into the analysis to take account of the non-linear behaviour. However, where the 
rotational stiffness can be considered to be linear this procedure is not required. As 
stated in 10.10 and 11.8, in EC5 the lateral stiffness at the serviceability limit states 
(SLS) and the ULS of a metal dowel type fastener or a connector are linear relation- 
ships. Consequently, the rotational stiffness will also be linear and, depending on the 
limit states being considered, will be based on either the slip modulus at the SLS, 
Ker, or at the ULS, Ky, and the rotational stiffness at these states is as indicated in 
Figure 12.11b. 

Using the assumptions in 12.5.1, adopting a rotational stiffness based on Ke, will 
realistically cover the behaviour of the fastener up to the SLS. Where the fastener is 
loaded beyond this state, its rotational stiffness will reduce and at the ULS it will be 
based on K,. For connections formed using several fasteners, it is likely that at the 
ULS many fasteners will only be stressed to levels approximating the SLS condition, 
and in the following approach the rotational stiffness of all fasteners in the connection 
is assumed to be based on K ge,. 

Consider a single or double shear connection within a structure having a regular 
pattern of fasteners, as shown in Figure 12.12, in which M; is the moment per shear 
plane to be taken by fastener i at the ULS design condition. As the distribution of 
forces in the structure will be affected by the rotational behaviour of the connection, 
as stated in 2.3.4.2, for the stress resultant analysis the stiffness properties must be 
based on final mean values adjusted to the load component causing the largest stress in 
relation to strength, and are given in equations (2.38), (2.39) and (2.40). Adopting the 
relationship in equation (2.40) for the stiffness of each fastener and assuming a rotation 
dD, in the connection, the moment rotation relationship given in equation (12.5) can be 
expressed as: 


K ser 2 
Wea lage (12.33) 
(1 + Wokeer) 
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Fastener i Member 2 


Member 1 


a 


» ca 
; 


(b) Fastener 7 


(a) Connection 


Fig. 12.12. Semi-rigid connection subjected to a design moment, Mg. 


where the functions are as previously defined, and kge¢ is the deformation factor dis- 
cussed in 2.3.2 and 10.10 and yf is the factor for the quasi-permanent value of the 
action causing the largest stress in relation to the strength. 

Summing the contribution of all fasteners in the connection the moment per shear 
plane, M,,, taken by the connection can be written as: 


My = = PU, 12.34 
_ (asim) 2d ak 
or 
a ( Ker ) 3 (ae s y?) Du (12.35) 
J (1+ Woke) / fei! 


where x; and y; are the coordinates of fastener i relative to the axes shown in 
Figure 12.12 and n is the number of fasteners per shear plane in the connection. The 
rotational stiffness of the connection per shear plane will be as follows: 


e For the ULS design condition, 


K. n 
as eee ee x? + y? (12.36) 
(asin) 2 ( ¥) 
e For the SLS design condition, 
K. n 
Keer = ( ——-— x? + y? (12.37) 
(4 via) | vi) 


Here the symbols are as previously defined, and k, is the rotational stiffness of the 
connection per shear plane at the ULS design condition, k,.; is the rotational stiffness 
of the connection per shear plane at the SLS design condition, and K,.; is the slip 
modulus per fastener per shear plane at the SLS, given in Chapter 10 for metal dowel 
type fasteners and in Chapter 11 for connectors. 
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12.6.2 


When the connection is also subjected to vertical and lateral design forces, the lateral 
stiffness of fastener i at the ULS can be written as: 


Ker Ker 
= ————6,;, and Hj = ————dyin 
(1 + Wokeer) (1+ Wokeer) 


The lateral stiffness per shear plane of the connection at the ULS for horizontal dis- 
placement, Ky,y, and for vertical displacement, Ky, will be: 


Ker Ker 
pa. aid ke = 
(1 + Wokeer) (1 + Wokaer) 


where n is the number of fasteners per shear plane in the connection. 

Using the above expressions the semi-rigid behaviour of connections can be taken 
into account in the structural analysis. 

Where a computer-based frame analysis is to be used, lateral slip effects can be 
represented by the use of linear elastic spring elements at connection positions, as 
discussed in 10.11. To simulate rotational slip, linear elastic rotational springs can be 
used, each having the rotational stiffness of the connection being modelled. As stated 
in 10.11, when modelling these additional elements care has to be taken to ensure 
that stability of the structure is retained, that the shear and flexural properties of the 
elements properly represent the connection behaviour, and that the size of the elements 
used will not result in ill-conditioned equations. 

Guidance on the loading and stiffness requirements to be used in this type of analysis 
is given in 2.3.4.1 and 2.3.4.2 respectively. 


(12.38) 


i 


Ki (12.39) 


The analysis of beams with semi-rigid end connections 


In the following analysis, the behaviour of beams with end connections that exhibit 
semi-rigid rotational behaviour and in which lateral displacement effects can be ignored 
is considered. This situation commonly arises in timber construction and the method 
of analysis is such that it can readily be undertaken using Mathcad or equivalent 
software. 

Consider within a structure any prismatic member ab of length L, flexural rigidity 
ET and single or double shear connections at each end. The rotational spring stiffness 
at each connection is k; and k2 per shear plane and each is of negligible length, as 
shown in Figure 12.13. Instability effects due to axial loading are ignored. 

Ends | and 2 are the positions at which the members of the connection are rigidly 
attached to the structure and 1,a and b,2 are the rotational spring elements simulating 
the behaviour of the fixings between the connection members and the beam at each 
end. Under the action of end moments from the structure, the connection members will 
rotate and there will also be a relative rotation ¥, between these members and the beam 
ends, represented by rotation of the spring elements. The joint rotations at ends 1 and 
2 are designated 1, and 1, respectively, and the relative rotation of the springs at each 
end will be #,; and 7,2 respectively. 

The moment required to be applied to the end of a prismatic member to cause a unit 
rotation at that end when the other end is fixed in position is referred to as the member 
stiffness. For a member of length L, having a deformation factor kgef,m, a modulus of 


elasticity E = aS and second moment of area about the axis of bending /, it 
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Area of free bending 
moment diagram = A 
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EI 
End 1, Enda End b, End 2 


Fig. 12.13. Member with rotational springs at each end. 


can be shown from basic principles that the member stiffness will equal 4E7/L. To 
align with the member stiffness definition, the spring rotational stiffness at each end is 
written in a similar format as follows: 


EI EI 
ki = —B,, ky = —Bo (12.40) 
L L 


where ky = M,/0;1 and ky = M2/,2, and M, and M2 are the end moments on the 
beam, v,; and 1,2 are the rotations of the spring at end a and J, respectively, 6, and 
By are the secant rotational stiffness coefficients of the joint connection at a and b, 
respectively, and include for all of the shear planes in each of the connections. 

From equations (12.36) and (12.37), for a connection in timber structures the secant 
rotational stiffness coefficient can be written as; 


L n 5 
p= FnoK Dy (x? + y?) (12.41) 
where the symbols are as previously defined and: 


K is the relevant slip modulus of the fastener type being used in the connection for 


the design condition being addressed, i.e. either nee when analysing at the 


ULS or a fe at the SLS. If the connection at each end is different, the value of 
K at each end will also differ. The value of the deformation factor(s), (Kder,-), will 
be obtained from Table 2.10 and reference should be made to 2.3.2 to determine 
the adjustments to be applied to suit the configuration being used. 


Nsp is the number of shear planes in the connection. 


Consider the beam to be loaded in a generalised manner where the area of the 
free bending moment diagram is A with its centre of area at a distance a, from end 
a. If the rotation at end | of the member is 7, and at end 2 is 1, using unit load 
theory, a combination of flexibility coefficients and the stiffness method of analysis, 


502 Structural Timber Design to Eurocode 5 


also assuming no relative movement in the direction of the y-axis between ends | and 
2, it will be shown that: 


a 1 3EIO, My 3A(L—ay) 
“= (<aaED) ( ae ip) ) (12.42) 


2 [aE RAL) L 2 L2 


The functions (ZGETED) and (saeD modify the prismatic member relationship 
to take account of the effects of the end springs and are referred to by Monforton 
and Wu [3] as the fixity factors and by Kermani [4] as the rigidity factors. They are 
dimensionless parameters and are functions of the respective spring rotational stiffness 
and the stiffness properties of the beam. 

Expressing the rigidity factors in terms of the symbol y, they can be written as 
follows: 


e Atend 1 of the beam, 


1 1 
= ze 12.44 
‘ Gece) ce aa mere 
L (Nsp1 Ki yaa (x? + y/)) 


e Atend 2 of the beam, 


1 1 
= = 12.45 
Y2 (omen) o 3EI ( ) 
L (Nsp2Ko paar (x7 a yi) 


Here, for a single or double shear connection, np; and n, are the number of shear 
planes and the number of fasteners in a shear plane at end a, and n,p,2 and nz are the 
number of shear planes and the number of fasteners in a shear plane at end b. K is the 
slip modulus of the connection at end a, and K> is the slip modulus of the connection 
at end b, referred to in equation (12.41). 
After solving (12.42) and (12.43) for M; and Mp the equations can be written in 
terms of the rigidity factors: 
M ( on \F (20 yy mee 1G ee ) (12.46) 
P=) ee 1+ 7202 a y2a1 5 
4-—yiy2)) L EIL 


Mo (a) FB ge pe (L—a))) (12.47) 
= = a a id 
2 Gap) E 27 M1" EL" YI 1 
The above are referred to as the modified slope equations and are simplifications of the 
more generalised format developed by Monforton and Wu that allow for relative lateral 
movement at the ends of each member. Those elements in the equations containing the 
free bending moment are the modified end fixing moments on the beam and can be 
written as 


Vee 6A VY 
FI™ 1? @—ny) 

_ 6A ¥2 

~ 12 (4-1) 


(2(L — a1) — y2a1) (12.48) 


Mr (2a; — yi(L — ay)) (12.49) 
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Table 12.4 The area of the free bending moment and the position of its centroid for typical load 
cases (see Figure 12.13 for symbols) 


Area of free bending Distance to centroid of the 

Loading condition (beam span L (m)) moment diagram: A (KN m7) area: a; (m) 
; ae 2 L 

Uniformly distributed load, where the ~ML > 
mid-span moment is M(in kN m) 

M L 
Point load at mid-span, where the aT. > 
mid-span moment is M (in kN m) L 

M 
Point load at a distance x from the — -~(L+x) 
left end of the beam and the moment 2L 3 
at the point load is M (in kN m) 


where Mr and Mf are the modified end fixing moments at ends | and 2 of the beam. 
Where the end rotations of the beam, 0; and 62, are zero, equations (12.48) and (12.49) 
will give the end moments in the beam. 

The above are the general relationships applicable to prismatic members with rota- 
tional springs at each end resting on unyielding supports. If the fixing detail between 
the connection members and the beam end is rigid, the associated value of k will be 
infinity and the rigidity factor y will be unity. If it functions as a pinned connection, 
both k and the rigidity factor will be zero. 

In Table 12.4 the area of the free bending moment diagram and the position of its 
centroid from the left hand support are given for commonly occurring load cases. 

Anexample of a beam designed at the ULS condition, with end connections analysed 
as semi-rigid and also as fully fixed, is given in Example 12.8.2. 

With the semi-rigid analysis, it is shown that for a relatively small end rotation 
the end moment in a semi-rigid connection can be well below the fully fixed value, 
resulting in a more economic connection design. A more realistic assessment of the 
deflection of the beam will be obtained and the strength of the member at mid-span 
can be checked against the increased span moment. It should also be noted that even if 
the connection is designed to resist the fully fixed moment, there will still be rotation 
at the connection, and although it will be less than that obtained had the connection 
been designed as semi-rigid, additional moment will nevertheless be transferred to the 
beam span and there will also be an increase in its mid-span deflection. These effects 
will not be taken into account in the rigid analysis. 


See Examples 12.8.2 and 12.8.3. 
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12.86 EXAMPLES 


As stated in 4.3, in order to verify the ultimate and serviceability limit states, each 
design effect has to be checked and for each effect the largest value caused by the 
relevant combination of actions must be used. 

However, to ensure attention is primarily focussed on the ECS design rules for the 
timber or wood product being used, only the design load case producing the largest 
design effect has generally been given or evaluated in the following examples. 


Example 12.8.1 At the ULS a bolted connection is subjected to a design moment of 3.25 kNm 
and a design vertical action of 10.05 kN as well as a design horizontal action of 1 kN applied 
through the timber member arising from combined permanent and short-term loading, as shown 
in figure E12.8.1. The connection comprises two 12-mm-thick steel side plates and an inner 
timber member of strength class C24 to BS EN 338:2003, connected by 12-mm-diameter bolts. 
The bolts have a characteristic strength of 400 N, /mm2 and the tolerance on the bolt hole diameter 
in the steel plate is | mm. The joint functions under service class 2 conditions. 

On the understanding the strength of the steel plates and the bending strength of the timber 
member are satisfactory, check the adequacy of the connection. 


Design vertical 


action = 10.05 kN 
Two 12-mm steel side plates (one each side), 


hole tolerance for bolt less than 0.1d 


Design horizontal 


action= 1 kN —~ 
Inner member: 


72 x 294 mm2 C24 timber 


Design moment = 3.25 kN m 


12-mm-diameter 
bolts 


All dimensions are in mm 


Fig. E12.8.1. 


1. Geometric properties 


Bolt diameter, d d= 12mm 
Area of bolt in tension, Ap; Apt = 84.3 mm? 
Number of bolts per shear plane, npor Apolt = 8 
Number of shear planes in the Nsp = 2 


connection, "sp 
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Bolting pattern: 
Horizontal distance to the bolt a, x 
Vertical distance to bolt a, y 


Thickness of side members, fetec1 


Side member thickness coefficient, coef 


Thickness of the timber member, f 
Depth of the timber member, h 


Distance from the timber-loaded edge 
to the extreme bolt, h. 


. Timber and bolt properties 


x = 90mm 
y = 85mm 


tstee! = 12mm 


tsteel 
coef = “= coef = 1 


when coef equals | and hole tolerance < 0.1d 
the plate is a thick plate 
(10.3 (ECS, 8.2.3(1))) 


to = 72mm 
h = 294mm 
h, = 232mm 


Table 1.3, strength class C24 (BS EN 338:2003(E), Table 1) 


Characteristic shear strength, fy x 
Characteristic bearing strength, fo.90. 
Characteristic density of the timber, p, 
Characteristic strength of a bolt, fax 


. Partial safety factors 
Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor 
Connection factor 


. Modification factors 

Factor for short-duration and service 
class 2, kmod.short 

(Table 2.4 (ECS, Table 3.1)) 


. Actions 
Design vertical load at the 
connection, V4 


Design moment at the connection, Ma 


Design horizontal load at the 
connection, Hg 


Radial distance from dowels to centre 
of rotation 


Sum of squares of distances, 
D =sum(r?) 


Fux = 2.5 N/mm2 
fe.90.k = 2.5 N/mm? 
Py = 350kg/m?3 
Sax = 400 N/mm2 


YM = 1.3 


YM.connection = 1.3 


Kmod.short = 0.90 


Va = 10.05 kN 
Mag = 3.25kNm 
Hy = 1.0kN 


Tmax = Vx? + y2 Tmax = 123.79 mm 


rp =x re=xXx To = Tmax 
Te =Tmax Vg = Vmax ra=y 
ety 


D=4-r2,,+2-re+2+4r3 
D=9.2 x 10* mm? 
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: Mg * Tmax 
Force acting on bolt a per shear plane, Fin =-———_—_—_ 
F Nsp + D 
m.d.max 
(equation (12.7)) 
Fin.dimax = 2.19 x 10°N 
: ; Va 
Vertical force acting on each bolt per Fyq = — Fy aq = 62.5N 
shear plane due to vertical load, Fy.a Msp * Molt 
H 
Horizontal force acting on each bolt per Fua= — Fira = 62.5N 
Nsp * Npolt 


shear plane due to horizontal load Fy.a: 


Resultant force acting on bolt a per shear plane (a is the maximum loaded bolt in the 
group under the loading configuration being used) 


(equation (12.9)) 
eo Ne ) 2 

Fy = (Fo + Foncd.max : =.) + Ge + Fin.d.max ; ) Fa = 2.71 x 10° N 

Tmax Tmax 
Angle of Fy to horizontal, i.e. the angle 
to the grain in the timber Fra + Fm.d.max * ae 
(equation (12.10)) a = | arccos Fy ms 

- 180 
Odeg = a Qdeg = 54.81 degrees 


a 
6. Embedment strength of the timber 
Characteristic embedment strength of the timber parallel to the grain, ft.ox 
(equation (10.35); EC5, equation (8.32)). 
(The equation incorporates dimension factors for Mathcad.) 


d 3 
fhok = 0.082 - (1 —0.01- <) (« =) .(N- mm?) frok = 25.26 N/mm? 
mm kg 


Embedment factor for softwood, koo kog = 1.35 +0.015-dmm7! 
(Table 10.7 (EC5, equation (8.33)) 
Kop = 1.53 


Sn.0-k 
kog - sin(a)? + cos(a)* 


Characteristic embedment strength of the fhak = 
timber at an angle @ to the grain 
(equation (10.36); EC5, equation (8.31)) 

Siew = 18.65 N/mm? 


7. Yield moment of a bolt 


mm? a \?* 
Characteristic yield moment of a bolt, My rx = 0.3 - (‘is : ) : (<) -Nmm 
M. N mm 
y.Rk 
(Table 10.5 (ECS, equation (8.30)). 
(The equation incorporates dimension My rk = 7.67 x 10*- Nmm 


factors for Mathcad.) 
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8. Withdrawal resistance of a bolt 
Tensile strength of the bolt, F lax rk: Flaxrk = faux: Abi 


(BS EN 1993-1-8. ignoring k factor) Flacee = 3.37 X 10'N 


Bearing capacity of the steel plate: 
(10.8.2 (ECS, 8.5.2(3)) 


Bearing diameter used for the plate, d,, 
(10.8.2 (ECS, 8.5.2(3))) 
dw = min(12 - tsteet, 4 + d) d,, = 48mm 


Bearing capacity of steel plate, F2ax rk 
(10.8.2 (ECS, 8.5.2(2))) 
F2axrk = 3. fo90k ° 7 [d; — (d+ 1mm)’] F2axrk = 1.26 x 104N 


Characteristic axial withdrawal 
capacity of the bolt, Fax rk 


Fax Rk = min(F Lax rk, F2ax.Rk) Fix rk = 1.26 x 10*N 


9. Load-carrying capacity of the connection 
For a thick steel plate to timber joint with bolts in double shear, the characteris- 
tic lateral resistance per shear plane is the lesser of equations (10.19) and (10.21) 
(ECS, equations (8./3(£)) and (8.13(m)): 


Failure mode (£): Fy rka = 0.5. fhak + tod 
Fy rka = 8.06 x 10°N 
Failure mode (m): 


Fax Rk 4 
Fyrkp = 2.3+./Myrx: faok> d+ a Fy rcp = 1.27 x 10*N 
10.3.5, (ECS, 8.2.2(2)) requires Fx px/4 to be less than 25% of the Johansen yield equation: 
Fax Rk 
—___4 __ . 109 = 32.98 i.e. too great; cannot exceed 25% 
ax.Rk 
Fy Rk.b — —— 


Limiting the axial resistance to 25% of the Johansen yield equation: 


Flyrkp = (1.25) -2.3- /Myrk: frak > d Fly rkb = 1.19 x 10*N 


The characteristic lateral resistance pers Fy. rk = Min(Fy rka, Fly.rkb) 
shear plane per bolt, Fy rx Fy rx = 8.06 x 10°N 
i.e. failure mode (¢) — bearing in timber 

‘ : 7 Kmod.sort / Fy Rk 
The design load carrying capacity per Fyrq = —————— 
bolt per shear plane, Fy Raq: YM.connection 

Fy ra = 5.58 x 107 N 

The design load on the bolt per shear Fy = 2.71 x 10°N 
plane, Fy: 


The design load is less than the capacity of the 
bolt; therefore OK 
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10. 


Check the capacity of the row of bolts subjected to the maximum forces parallel to the 
grain i.e. the bolts in the row positioned 85 mm above the centroid. 

(NB: No need to check rows perpendicular to grain as there is no strength reduction in 
that direction.) 


The characteristic load-carrying capacity per shear plane per bolt based on failure 
mode £, Fly rka 

(from consideration of the strength equations this will still be the failure condition) 
Flyrka =0.5- faok >t -d Flyrka = 1.09 x 10*N 


Number of bolts per shear plane in the np = 3 
TOW, Np: 


a9 (90mm 0.25 
Effective number of bolts per shear Net = min | ny, ny,” - | —— 
plane in the row, ner 

(equation (10.45); EC5, equation 


(8.34)) 

(The equation incorporates dimension 

factors for Mathcad.) Net = 2.34 

7 A 1 Kmod.short 

Design force capacity per bolt per shear Fly = nee - — - Fly. rk.a - —————— 

plane parallel to the grain taking bolt Mb YM.connection 

spacing effect into account, Fly: Fly, =5.9 x 10°N 
Ma * max * Ha 

Design force component per bolt per Fig = me 

shear plane parallel to the grain in each Se Hy hsp 

of the bolts in the row, Fiza Fug = 1.67 x 10°N 


Actual design force component in each bolt parallel to the grain is 
less than the design capacity per bolt per shear plane; therefore OK 


Shear strength of the timber 
The design shear force on the timber: 


Summation of ‘x’ distances of boltsin S,=3-x 
shear zone, S; 


‘ ¢ Sy 3- Vy 
Maximum design shear force— based = Flyva = 2+ Fina.max * ——- — —— 


on the forces in two shear planes in the max bolt 
line of bolts to the extreme left of the Fly ya = 5.7KN 
connection, F ly.va: 

(equation (12.18)) 


Design shear force at the end of the Va = 10.05kN 
beam, Vg 
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7 3 Flyyva 
2 2+-t-[h—-3-(d+1-mm)] 
Tes = 0.24 N/mm? 


Design shear stress within Ce 
the connection area, T, ;: 


3 V. 
Shear stress inthe beam at the ts = —- : Tp.s = 0.36 N/mm? 
: : 2 2-t-h 
connection, Tp,s: 
kmo short ° Jv. 
Design shear strength, fv.a fa= Kmodshort * Jv.k iva = 1.73 N/mm? 


YM 
Design shear stress is less than the design shear 
strength; therefore OK 
11. Minimum bolt spacing 
Using the data in Table 12.3: 


Bolts spacing criteria 6d = 72mm 85 mm/90 mm provided, OK 
Loaded edge criteria ep =4-d ep = 48mm 62 mm provided, OK 
Loaded end criteria max(7-d,80mm)= 84mm _ 87mm provided, OK 


Example 12.8.2 Each end of a timber beam is connected to plywood gusset plates, which are 
glued to a rigid supporting structure in an office area. The beam is strength class C27 to BS 
EN 338:2003, spans 3.5 m and supports a design load of 10.0 kN/m at the ultimate limit states 
(ULS) and 6.83 kKN/m at the serviceability limit states (SLS) from a combination of perma- 
nent and medium-term actions. It is bolted to the plywood-gusset plates at each end as shown 
in Figure E12.8.2. The connection comprises two 24-mm-thick Finnish birch plywoodgusset 
plates connected to the timber beam by 12-mm bolts acting in double shear. The bolts have a 
characteristic tensile strength of 400 N/mm? and the connection functions under service class 2 
conditions. The 7 factor is 0.3 and the strength of the plywood gusset plates will comply with 
the requirements of EC5. 

Compare the semi-rigid behaviour of the connection with the assumed fully rigid behaviour 
at the ULS and check the adequacy of the connection on the basis of semi-rigid behaviour. Also 
check the instantaneous deflection of the beam at mid-span for each condition. 


Two 24 mm thick plywood 
gusset-plates (one each side) 


Inner member: 
75 x 300 mm C27 timber 


12 mm diameter 
bolts 


90 95° 95 90 


All dimensions are in mm 


Fig. E12.8.2 
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1. Geometric properties 


Bolt diameter, d d=12mm 
Tensile stress area of a bolt, Apt Apt = 84.3 mm? 
Number of bolts per shear plane, npott Npoltt = 8 
Bolting pattern: 

Horizontal distance to extreme bolt, x x = 95mm 
Vertical distance to extreme bolt, y y = 88mm 


Thickness of each plywood gusset 
plates, fousset 


tousset = 24mm 


Thickness of timber member, f2 to = 75mm 
Depth of inner timber member, h h = 300mm 
t- he 
Moment of inertia of the beam, J, h= a Ty = 1.69 x 107-4 m+ 
Span of the beam, &, £y = 3500 mm 


. Timber and bolt strength properties 


Table 1.3, strength class C27 (BS EN 338:2003(E), Table 1) 

vx = 2.8 N/mm2 

fc.90.k = 2.6 N/mm? 

Px = 370 kg/m? 

Pm = 450 kg/m? 

Eo.mean = 11.5 + 10° N/mm? 


Characteristic shear strength, fv.x 
Characteristic bearing strength, fo ox 
Characteristic density of the timber, (x 
Mean density of the timber, pm 


Mean modulus of elasticity of the 
timber parallel to the grain, Eo mean 


Mean shear modulus of the timber Go.mean = 0.72 x 10? N/mm? 


parallel to the grain, Go.mean 


Table 1.9, 24mm nominal thickness Finnish birch plywood 
Characteristic bearing strength, fycook fp.c.90k = 25.1 N/mm? 


Sovk = 9.5 N/mm? 
Pox = 630 kg/m? 


Characteristic shear strength, fpv.k 


Characteristic density of the plywood, 
Ppok 

Mean density of the plywood, , mean 
Slip modulus at SLS, Ke; 

(Table 10.13 (ECS, Table 7.1)) 
(Mathcad adjusted to make it 
dimensionally correct.) 


Pp.mean = 680 kg/m? 


1:5 
m? m>\°° dmm"! =f 
K ger = Pp.mean * * Pm* ' -Nmm 
kg kg 23 


Kaetm = 0.8 


Ker = 6.79 x 10° N/mm 


Deformation factor for the timber, Kger m 
Table 2.10 (EC5, Table 3.2) 
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Deformation factor for the plywood, — Kger.pty = 1.0 
Kaef, ply 
(complies with BS EN 636: Part 2) 


Deformation factor for the Kaet.c = 2+ (Kdet.m - kaet.ply)°> Kaet.c = 1.79 
connection, Kdefc 

(Complies with BS EN 636 Part 2) 

(equation 10.78 (ECS, 2.3.2.2 (4))) 


Characteristic strength of each bolt fuk = 400 N/mm? 

. Partial safety factors 

Table 2.6 (UKNA to ECS, Table NA.3) 

Material factor for timber, yyy ym = 1.3 

Connection factor, Ym.connection YM.connection = 1.3 

Table 2.2 (UKNA to BS EN 1990:2002, Table NA.A1.1) — Category A 


Factor for quasi-permanent value of y= 0.3 
the variable action, w2 


. Modification factors 

Factor for medium-duration and Kmod.med = 0.8 
service Class 2, Kmod.med 

(Table 2.4 (ECS, Table 3.1)) 


. Actions 
Design loading on the beam, Fy.4 Fya = 1OkN/m 
Horizontal loading on the beam, Hg Ay = OkN 
L 
Vertical loading at each connection Va = Foa- 7 Va = 1.75 x 10*N 
Assuming full fixity conditions at 
each end: 
; ; Fya- & 
Design moment due to the design Ma = Ma = 10.21kNm 
: 12 
loading, Mq 
Assuming semi-rigid conditions at each end: 
Radial distance from each bolt to the = rmax = x? + y? Tmax = 129.5mm 
centre of rotation lp =X rp=x oa res 
Te = l'max lg = Vmax ra=y 
m= y 
Sum of the squares of the radial D=4-r24 $2-rm+2-r3 
distances, D D = 1.01 x 10° mm? 
Number of shear planes per end Ngp = 2 
connection, Nsp 
% é K. ser * D 
Rotational stiffness of each end ky = Ngp © ————— ky = 888.91kNm 
1+ Wo - Kaet.c 


connection, ky 
(equation (12.36)) 
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Rigidity factor of each end connection, y 
(equation (12.44)) 


p= E.mean 


EMS 
1+ Wo - Kaetm 


1+ 
ly Ku 


Area of free bending moment 
diagram, Ap+ (Table 12.4) 


2 Poa: 
A => L . —_— 
b.f 3 b ( 8 


Distance from centroid of Ay ¢ to the a= 


centre of the end connection, a, 

(Table 12.4) 

End moment on each connection, Msp ma 
(equation (12.48)): 


6: Avs Y 
Msr.md = @ : (— . (2-(€@) —a1)-y-a] 
M. 
Ratio of semi-rigid to fixed end Rg eo 
Ma 
moments, Rena 
Ratio of semi-rigid to fixed span 
moments, Rmmia 
(2 
b 
Poa: > — Msrma 
Regs 8 
mid zB 
Poa: = — My 
: fe aN ah Msp ima 
Rotation of each semi-rigid joint, O,ads rads = i 
u 
180 


Odegrees mi Orads Taal 
us 


The movement of the extreme fastener Oe = Orads * Vmax 


under the applied load, 6, 


Ape = 3.57 x 10!°N mm? 


a, = 1.75 x 10? mm 


Msp md = 5.09 x 10°Nmm 


Rend = 0.5 


Rmia = 2 


Orads = 5.72 x 1073 


Odegrees = 0.33 
de = 0.74 mm 


Assuming the beam is fully fixed, the design actions at the support will be: 
Mg = 10.21kNm 

Assuming the beam is semi-rigid at the ends, the design actions at the support will be: 
Msrma = 5.09kKNm Vg = 17.5kKN 


Bolt forces — based on semi-rigid joint behaviour: 


Force acting on bolt a per shear plane, 
Fin.d.max (equation (12.7)) 


Fin.d.max = Nsp * D 
. . Va 
Vertical force acting on each bolt per F,q = ———— 
shear plane due to vertical load, Fy.a: Msp * Molt 
. ; Ay 
Horizontal force acting on each bolt per = Fy. = ————— 
Nsp * Nbolt 


shear plane due to horizontal load, Fy.q: 


Va = 17.5kKN 


Fin.d.max = 3.27 x 10° N 


F,a = 1.09 x 10°N 


Fra = 0 
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Resultant force acting on bolt a per shear plane (a is the maximum loaded bolt in the 
group under the loading configuration being used) 
(equation (12.9)) 


2 2 
Fg= | (6 + Fin.d.max * =) ae (Fic + Fin.d.max * ) Fy = 4.14 x 10° N 
Tmax Tmax 


Fra + Fin.d.max : 


Angle of Fy to the grain in the a = | arccos Huas 
timber, a 
(equation (12.10)) 
a- 180 
deg = - Qdeg = 57.52 degrees 


. Embedment strength of the timber and the plywood 

Characteristic embedment strength of the timber parallel to grain, fh.ox 
(equation (10.35); EC5, equation (8.32)) 

(The equation incorporates dimensional factors for mathod) 

(The equation incorporates dimension factors for Mathcad.) 


m d 9 2 
Shox = 0.082 - Pr -{1 0.01 - -Nmm Shok = 26.7 N/mm 
kg mm 
Embedment factor for softwood, kog = 1.35 + 0.015 -d mm"! 
Koo ee 


(Table 10.7 (ECS, equation (8.33)) 


Characteristic embedment strength 
of timber at an angle to the grain, 


Sak 

(equation (10.36); EC5, equation 

(8.31)) 

fox = Dok frak = 19.39 N/mm? 


kog « sin(a)2 + cos(a)” 


Characteristic embedment strength of plywood, fh.px 
Table 10.6 (ECS, equation (8.20)) 
(The equation incorporates dimensional factors for Mathcad.) 


m 
Sap&k = 9.11 - (on : ~) -(d mm!)~°3 -Nmm72 Sip.&k = 32.88 N/mm2 
g 


. Yield moment of a bolt 


mm? ger? 

Characteristic yield moment of My rx = 0.3 - ( tuk: a] . (<) -Nmm 
N 

a bolt, My rx 
(Table 10.5 (ECS, equation 
(8.30))). 
(The equation incorporates My rx=7.67 x 10¢Nmm 
dimension factors for Mathcad.) 


. Withdrawal resistance of a bolt 

Tensile strength of the bolt, F lax. rk 

(BS EN 1993-1-8, ignoring k Flaxrk = fuk: Abt F lax Rk = 3-37 X 104N 
factor) 
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Bearing capacity of the washer: 

(10.8.2 (EC5, 10.4.3(2))) 

Washer diameter used, dy dy =3-d dy = 36mm 

Bearing capacity of the washer (using 

the lower bearing strength of the timber = 

and the plywood and ignoring any load F2.. rp, =3- feoox: a [a —(d+ 1mm)’] 
dispersion effect — safe assessment), 

F2ax Rk F2ax.rk = 6.9 x 10°N 
(10.8.2 (ECS, 8.5.2(2))) 


Characteristic axial withdrawal Fax rk = min(F lax rk, F2ax.rk) 
capacity of the bolt, Fax rx: Fe ti 6 ORION 


9. Load-carrying capacity of the connection 
For a plywood-to-timber joint with a bolt in double shear, the characteristic lateral resis- 
tance per shear plane is the smallest value of equations (10.7)—(10.10) in Table 10.2 (ECS, 
equations (8.7)), where: 


Ratio of the embedment strength of Bo = Fruack Bo = 0.59 
member 2 to member 1, £2, Shp. 

y= Tousset 
Failure mode (g): Fyre = fnpk 4 -d Fyrkeg = 9.47kKN 
Failure mode (h): Fyrkn =9.5+ frok +t: d 


Fy rkh = 8.72kKN 


Failure mode (j): 


-ty-d 4. “Q+ -M. Fag: 
Fy rkj=1.05- Sapa hi -d , 2 Bree Bo,1 + ( Bo,1) y.Rk a, | i Frax.Rk 


2+ Bo1 faakt?-d 4 
Fy rkj = 8.36kN 
Failure mode (k): 
2: Fix. 
Fyrkk = 1.15- Pa, (2+ Myrx> frak > d)+ —— Fy rkk = 7.64kKN 
1+ Boi 4 


Limiting F,x.p_/4 to 25% of the 
Johansen part of the relevant equations: 
(10.3.5.3, (ECS, 8.2.2(2)) 


Snpk tid 4+ Boy (2+ Bai): Myr 
Fy rx = 1.25 - 1.05 - ———___ 2- -d-4 t : 
Rk jj 2+ Ba Boi - C+ B21) haceiead Bo 


Fy rk jj = 8.3kN 


2 + Bo, 

Fyrck = 1.25: ~ (2+ Myx frak «@) Fy rk ij = 8.3KN 
1+ Boi 

The minimum characteristic strength of 

the bolt is: 


Fyrk = min(y rg, Pv.rkn, Pvrkj, Pvrkks vrkij, Pv. rk kk) 
F. rk = 7.4 KN (mode (k)) 
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Kmod.med Fy Rk 


The design load-carrying capacity Fy rq = oo Fung = 4.55 x 10° N 
per bolt per shear plane, Fy Raq YM.connection 

The design load on bolt (a) per shear Fy = 4.14 x 10°N 

plane, Fy 


The design load is less than the capacity of the 
bolt; therefore OK 


Check the capacity of the row of bolts subjected to the maximum forces parallel to the 
grain of the timber beam, i.e. the bolts in the row positioned 88 mm above the centroid. 
(NB: No need to check rows perpendicular to timber grain as there is no strength reduction 
for rows in that direction.) 


The characteristic load-carrying capacity per shear plane per bolt based on failure mode 
(m), Fy.rk.» parallel to the grain: 
(from consideration of the strength equations this will still be the failure condition) 


Sho 
Phai= Flyrge = 1.25+2.3 +/+ BRL Myx + fino 
-p. 
Number of bolts per shear plane in the np = 3 


TOW, Np 


; : o9 (99mm mee 

Effective number of bolts per shear Nef = MIN | Ny, n° - | —— 
. 13-d 

plane in the row 

(equation (10.45); EC5, equation 


(8.34)) 

(Mathcad adjusted to make it 

dimensionally correct.) Neg = 2.37 
: P 1 Kmod.med 

Design force capacity per bolt per Fly = ne: — + Fly.rkp * ——— 

shear plane parallel to the grain taking ue YM.connection 

bolt spacing effect into account, Fl) Fly, = 4.65 x 10°N 
F Msr.m.d * Tmax * ae 

Design force component per bolt per Fiza = = 

shear plane parallel to the grain in each Msp D 

of the bolts in the row, Fiz, Fa = 2.23 x 10°N 


Design force component in each bolt parallel to 
the grain is less than the permitted design force 
per bolt; therefore OK 


. Shear strength of the timber 
The design shear force on the timber: 


Summation of ‘x’ distances of the S, =3-x 
bolts in the shear zone, S, 
‘ Sx 3- Va 
Maximum shear force — based onthe Flyyq=2-: Fnamax + —— — 
forces in two shear planes in the line of Tmax bolt 
bolts to the extreme left of the 
connection, Fly: Flyva = 7.85 x 10°N 


(equation (12.18)) 
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The design shear force at the end of Vy = 1.75 x 10*N 


the beam due to vertical loading: 
3 F vv 


~ 2°2-%-[h—3- (d+ 1mm)] 
Tes = 0.3 N/mm? 


Design shear stress within the Tos 
connection area, T¢.s! 


3 V. 
Shear stress in the beam at the Ths = =° 8 Ts = 0.58 N/mm? 
, . 2 2-t-h 
connection, Tp s: 
7 Kmod.med ‘ Ive 2 
Design shear strength, f, 4 ha = — iva = 1.72 N/mm 


YM 


Design shear stress is less than the shear 
design strength; therefore OK. 


11. Minimum bolt spacing 
Using the data in Table 12.3: 


Bolts spacing criteria 6-d=72mm 88 mm/95 mm 
provided, OK 


Loaded edge criteria eg = (4-d) 62 mm provided, 
ee = 48mm OK 

loaded end criteria max(7-d, 830mm) = 84mm 90mm, provided, 
OK 


12. Instantaneous deflection at mid-span at the SLS 
Design loading on the beam at the Fy.asits = 6.83 kKN/m 


SLS, Fo.a.sis } 
Vertical loading at each connection Vaszts = Fo.asts ° = Vasits = 1.2 x 10*N 
Rotational stiffness of each end kly =p + Kser > D 
connection at the SLS at the k1y = 1.37 x 10°Nmm 
instantaneous condition, kl, 
(equation (12.37)) 
1 
Rigidity factor of each end Vs_s = 
connection, ysis 1+ 3+ Eo.mean My 
ly -k1y 
Ysts = 0.45 
2 F 6 
Area of the free bending moment Apfs_s = a. Ly: (Aas) 


diagram, Ap +s_s 
(Table 12.4) 
Apssts = 2.44 x 10!°N mm? 


End moment on each connection, Msp ma.s_s 
(equation (12.48)) 
6: Abests _ ( YSLS 


& Ls Ysis 


Msr.mas_s = ) -[2- (py — a1) — ysis - a1] 


Msr masts = 3.85 x 10°mm 


Design of Moment-Resisting Connections 517 


Instantaneous deflection of the semi-rigid beam at mid-span, dinst 
ae (5: Feasts ° €  Msrmasts 1.2-Vaszs - £b 
Ih 384 8 4Go.mean : (h ‘: tn) 
Oinss = 4.62 mm 


Sinst = 
Eo.mean : 


Instantaneous deflection of the rigid beam at mid-span, 61 inst 
oe | (9 Feasts -€ Feasts: & 1.2+ Vasis - €b 
Ib 384 8.12 4Go.mean * (1: f2) 
Olinst = 2.15 mm 


5 linst — 


O.mean * 


ie. fully rigid beam deflection is only about 
50% of the semi-rigid value 


Example 12.8.3 A timber roof structure is formed from 300 mm deep by 75 mm wide timber 
beams supported by columns as shown in Figure E12.8.3. Each beam is connected at its ends to 
the adjacent beams by steel brackets, such that the beam can be considered to form a continuous 
semi-rigid structure. At each end of the roof structure the steel bracket is fixed to a rigid support 
on adjacent structures. 

The connection detail between adjacent beams at the ridge level is shown in Figure E12.8.3. 
It is an 8-mm-thick steel plate fitted within a notch in the beams and the connection is formed 
using 8 No 12-mm-diameter mild steel bolts and the bolt spacings comply with the requirements 
of Table 12.3. A similar bracket is used to connect adjacent beams at the eaves level and the 
rigidity factor for that connection is only 40% of the rigidity factor of the beam connection at the 
ridge. At the eaves level, the steel brackets are connected across the structure by steel ties and 
these can be considered to be axially rigid. The beams are strength class C24 to BS EN 338:2003 
and the effective span of each beam along the direction of its longitudinal axis can be taken to 
be 3700 mm. Each beam is restrained from lateral buckling and lateral torsional movement at 
the ends and at the mid span positions. The design loading acting vertically on plan on each 
beam, which includes for the effect of the self-weight of the beam, is 8.5 kN/m, and arises from 
a combination of permanent and medium-term variable loading. The largest stress in relation 
to strength will be due to the variable loading and in accordance with the requirements of EC5, 
2.3.2.2(2); We will be 0. The structure functions under service class 2 conditions. 

Taking semi-rigid behaviour into account, check that the connection at the ridge will comply 
with the strength requirements of ECS and that the bending, axial and shear strength of the 
beams will be acceptable. 


1. Geometric properties 


Bolt diameter, d d=12mm 
Tensile stress area of a bolt, Ap; Ap, = 84.3 mm? 
Number of bolts per shear plane, port Npolt = 8 


Bolt distances from the centroid of the group — relative to the grain: 


Horizontal distance along grain tothe x = 100mm 
extreme bolt a, x 
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8.5 kN/m design loading 


VVVVVVVVVVVV VV VV VV VY 


See detail A 3700 mm effective span 
A i of beam AB 


. \ 
Tie bars supported at mid- r 75mm by 300 mm C24 


span to prevent sagging i timber beams 


7100 mm 


Columns 


(a) Roof structure elevation 


End A 


: Connection detail is the same 
8 No 12-mm-diameter 100_7*, as shown across 


bolts per connection 


75 mm by 300 mm C24 
timber beam 


8-mm-thick 
steel plate 


3700 mm to the centre line 
of the connection at End B 
of the beam 


(b) Detail A 


| 33.5 
9335 


8-mm-thick 12-mm-diameter 
steel plate bolt 


75 mm by 300 mm C24 
timber beams 


(c) Plan on detail A All dimensions are in mm 


Fig. E12.8.3 
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Vertical distance perpendicular to the y= 95mm 
grain to the extreme bolt a, y 


Thickness of the steel plate in the tstee] = 8 mm 
timber member, tee 
Thickness of the timber member, f2 to = 75mm 

ty — ty ee 
Thickness of the side timbers at the t= 4 
joint, t, 
Depth of the timber member, h h = 300mm 

th h3 
Moment of inertia of the beam, /, h= 2 D 

. ty h? 

Section modulus of the beam, W, Wp, = 6 
Span of the beam, f, £y = 3700 mm 
Clear span of each bent, £ £=7100mm 
Effective length for lateral buckling Ley = 0.9 + £5 


about the y—y axis, Ley 
(based on the content of Table 5.2, 
adopt a factor of 0.9€;) 


Effective length for lateral buckling Lez = 0.5 + ly 
about the z—z axis, Le.,, 

(based on the content of Table 5.2, 

adopt a factor of 0.5£;) 


Cross-sectional area, A A=th-h 

to: h3 
Second moment of area about the y—y i= D 
axes, I, 

‘ 21, 
Section modulus about the y—y axes, Wy = a 
Wy 

‘ ; ; Iy 
Radius of gyration about the y—y axis, iy = A 
ly 

: : Le y 
Slenderness ratio about the y—y axis,A, Ay = — 
iy 
h “8 
Second moment of area about the z—z — DD 
axes, I, 
2 F bet? 2 [ I, 
Radius of gyration about the z—z axis,i, i, = rr 
. : Le ra 
Slenderness ratio about the z-z axis,A, A, = — 
Lz 
. Timber and bolt strength properties 
Table 1.3, strength class C24 (BS EN 338:2003(E), Table 1) 
Characteristic bending strength, fink Smx = 24.0 N/mm? 


Characteristic shear strength, fy.x Piie= 255 N/mm? 


t, = 33.5 mm 


Ip = 1.69 x 10-4 m4 


W, = 1.12 x 10° mm? 


Ley = 3.33 m 


L.., = 1.85m 


A = 2.25 x 10* mm? 


I, = 1.69 x 10° mm* 
Wy, = 1.12 x 10° mm? 


iy = 86.6 mm 


hy = 38.45 


I, = 1.05 x 10’ mm* 


i, = 21.65 mm 


A, = 85.45 
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Characteristic compression strength 
parallel to the grain, foo. 


Characteristic compression strength 
perpendicular to the grain, f..90. 


Characteristic density of the timber, px 


Mean density of the timber, pm 


Mean modulus of elasticity of the 
timber parallel to the grain, Eo mean 
Fifth percentile modulus of elasticity of 
the timber parallel to grain, E95 


Slip modulus at the SLS, K ser 

(Table 10.11 (ECS, Table 7.1)) 

(Not applying the factor of 2 permitted 
in ECS) 

(Mathcad adjusted to make it 
dimensionally correct.) 


Deformation factor for the timber, Kger m 
(ECS, Table 3.2) 


Deformation factor for the connection, 


Kaetc 

(ECS, Table 3.2 with no factor 
applied — there is only one timber 
member per shear plane) 


Characteristic tensile strength of each 
bolt, fuk 


3. Partial safety factors 
Table 2.6 (UKNA to ECS, Table NA.3) 


Material factor 
Connection factor 


Factor for the quasi-permanent value of 
the action to be taken to be 0, tp, 


feox = 21N/mm? 
feook = 2.5 N/mm? 


Px = 350 kg/m? 
Pm = 420 kg/m? 
Eo.mean = 11.0 x 103 N/mm? 


E0.05 =74x 103 N/mm? 


Ker = 4.49 x 10° N/mm 
Kaetm = 0.8 


Keetc = 0.8 


fuk = 400 N/mm? 


YM = 1.3 
YM.connection = 1.3 


yw =0 


(Note: Because 1p, is 0 the stiffness values used in the solution will equate to 


mean values.) 


4. Modification factors 
Factor for medium-duration and service 
class 3; kmod.med 
(Table 2.4 (ECS, Table 3.1)) 


System strength factor, ksy. 
(2.3.7 (ECS, 6.7)) 


Lateral stability of the beam, Kgrit 
(4.5.1.2 (ECS, 6.3.3)) 


kmod.med = 0.8 


Keys =1 
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Effective length of the beam, 


Lep, (safe approximation) 
(Table 4.2) 


Critical bending stress, 
Om.crit (equation (4.8); EC5, 
equation (6.32)) 


Lateral torsional buckling 


condition (5.3.1 (ECS, 6.3.3)) 


Relative slenderness for 
bending, Aret.m 
(equation (4.10); ECS, 
equation (6.30)) 


Lateral stability factor, Kerit 


(Table 4.3 (EC5, equation 
(6.34)) 


Ly 
fe Oi aod 


078-3 

Om.crit = 7 . 
t a be 0.05 
Arel.m = Jee 
Om.crit 

1 

1.56 — 0.75 + Aretm 
Kexit = 1 

ics 


. Actions on beam AB and beam strength 


Vertical design loading on the 


plan area of the beam, FV, 


Projected design load 
along the beam span, Fy.4 


Loading on the connection 
at A acting parallel to 
the grain of the beam, Ha 


FVo.a = 8.5 kN/m 
Poa = FV. - cos(30°) 


1 


i 
>" 4 - cos(60°) 


Assuming full fixity conditions at the ends of the beam: 


Design moment atends Aand Mg = 


B due to the design loading 
along the beam, Mg 


Fa: @ 
12 


Assuming semi-rigid conditions at the ends of the beam: 


Atend A, radial distance 
from the centroid of the 


connection to each dowel, r 


Sum of the squares of 
the distances at end A, D 


Number of shear planes at 
end A connection, sp 


Imax = x2 + y? 


Th =X Ve=X Vo = Tmax 


Te =Tmax Vg = Vmax 


D=4-r2,,+2-re+2+4r3 


Nsp = 2 


ra=y 


leg = 2.27m 


Omcrit = 47.78 N/mm? 


Arelm = 0.71 


if Arel.m < 0.75 
if? O15 = Nee SA 


otherwise 


Kexit =1 


Foa = 7.36 kN/m 


Hq = 3.02 x 10°N 


My = 8.4kNm 


Tmax = 137.93 mm 


m= y 


D=1.14~x 10° mm? 
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K ser -D 


2a k, = 1.03 x 103kN m 
1+ Wo - kaetc 


Rotational stiffness of end A ky = Ngp - 
connection, ky 


(equation (12.36)) 


Rigidity factor of end A 
connection, 7 
(equation (12.44)) 


Ya = ae ya = 0.41 


1+ We: Kéetm 
Ly ky 


itp 
1+ 


Rigidity factor of end B yp = 0.4- ya yp = 0.16 
connection, 7g 


; Z ( Poa: “) 10 2 
Area of the free bending Apt = =: p+ | ——— Aps = 3.11 x 10° Nmm 
moment diagram on beam 3 8 

AB, Apt 

(Table 12.4) 


£ 
Distance from the centroid of a, = au a, = 1.85 x 10°mm 
. : 2 
the bending moment diagram 
to the centroid of the end 
connection, a; (Table 12.4) 


The end moment on each connection, MAsr ma and MBspr mq at ends A and B 
respectively (equations (12.48) and (12.49)): 


6- Avs YA 
MAsr.ina = : -(2-(4- = é 
SR.md zB (; ne —) [2- (€p — a1) — vp - ai] 


MAsr ma=4-77 X 1073 Nmm 


6+ Aps Y 
MBsr.ma = 2 (z -[2-a1 — ya: (25 — a1)] 
b ae MBsrm.a= 1.66 x 103Nmm 
2 
(MAsr.m.d — MBsrim.a) + Poa: 5 
Value of end A reaction, RA RA= 2 
b 
RA = 1.45 x 10*N 
a RA 
The position of zero shear xA = — xA = 1.96m 
force from the centroid of the Po 
connection at end A, xA 
A2 
Maximum span moment Mspan = RA -xA— MAspma— Poa: — 


on beam AB, Mopan Mypan = 9.43 x 10° Nm 


Check the combined bending and axial stress condition on the beam: 


M, an 
= Om = 8.38 N/mm? 


Bending stress at the position om = W 
b 


of maximum bending 
moment on the beam, on 
Kmod.med : Keys . fim 


YM 


Bending strength of beam AB fn = Sma = 14.77 N/mm2 
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Design axial compression stress in 0¢.9.4 = — Ocod = 1.34N/mm? 
beam AB, oc.o.4 


Design axial compression te.0.d = fe.o.a = 12.92 N/mm? 


strength of beam AB, fi.o.4 my 


Axial buckling resistance 
condition (5.3.1 (ECS, 6.3.2)) 


Reise Ay | feox 

elative slenderness about the Ayer. = — - ze Arel.y = 0.65 
y-y axis, Arey Ls 0.05 
(equation (5.3); ECS, equation 
(6.21)) 

Xr 
Relative slenderness about the = Arey. = oe, feox Arel.z = 1.45 
. mt VY Eoos 

Z-Z AXIS, Arel.z 


(equation (5.3); ECS, equation 
(6.22)) 


As both relative slenderness ratios are greater than 0.3, conditions in 5.3.1(b) 
apply (ECS, 6.3.2(3)): 


Redistribution factor for a Km = 0.7 
rectangular section, kp 
(see equation (4.4) (ECS, 6.1.6)) 


Factor 6, for solid timber B, = 0.2 
(equation (5.6); ECS, equation 
(6.29)) 


Factor, ky (equation 5.5a); ky =0.5- [! + Be + (rely — 0.3) + 2 | 


tel.y 


ECS, equation (6.27)) k, = 0.75 


Instability factor about the y—y key = key = 0.9 
axis, key sicher hee a 
(equation (5.4a); ECS, 

equation (6.25)) 


Factor, k; k, =0.5- [1+ Be + Arerz — 0.3) + AZ| 
(equation (5.5b); 
ECS, equation (6.28)) k, = 1.66 


Instability factor about the ke = kez = 0.4 
z-z axis (equation (5.4b); ECS, k, + ./k2 — 22 
equation (6.26)) 


Combined bending and axial stress condition: 


; Fi 7 9c.0.d Om 
Combined axial and bending stress + = 0.68 


condition about the y—y axis — Key food — fma 
functioning as a column 

(equation (5.21) (ECS, 

6.3.2(3))): 
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0¢.0.d 


O, 


Compression stress condition ae oe +km-—~ = 0.66 
about the z—z axis (equation cz’ Seo Srna 
(5.22) (ECS 6.3.2(3))) 
Combined bending and axial ( = y+ oc0d = 0.58 
ombined bending and axia a ————_ = 0. 
Kerit + Sm.d kez food 


stress condition functioning as a 
beam (equation (5.23); ECS, 
equation (6.35)): 


The stress to strength ratios are all less than 1; therefore OK 


Check the end shear condition: 


3 RA , 
Shear stress at end A of the Td=n-- Tq = 1.08 N/mm 
beam — taken within the 2 2-ts¢h 
zone of the steel bracket 
(conservative approach), Tq 
Shear strength at end A of kea= Fenod.nnd Rays * Jue fua = 1.54N/mm? OK 
the beam, fi.g YM 


Bolt forces at end A connection — based on semi-rigid joint behaviour: 


MAsr.ma * Tmax 


Force acting on the maximum Fncd max = Fm.dmax = 2.88 x 10°N 
loaded bolt (bolt g) per shear isp 2 
plane, Fin.d.max 
(equation (12.7)) 
RA 

Force on each bolt per shear Fya= Fy. = 903.73 N 
plane from the projected load Msp * Mbolt 
acting along the beam span, Fy.4 
Force on each bolt per shear Fua= sida Fya = 1.89 x 10° N 

Nsp * Nbolt 


plane parallel to the grain of the 
beam, Fig 


Resultant force acting on bolt g per shear plane (g is the maximum 
loaded bolt in the group under the loading configuration being used) Fy 
(equation (12.9)) 


2 
x 2 
Fa = | (F. + Fin.d.max : ) + (Fis + Fin.d.max 2 - ) Fa = 4.89 x 10° N 
Tmax VY max 


Fi + Fin.d.max ‘ 


Angle of Fy to the grain in a = | arccos fitiat 
the timber, a Fa 
(equation (12.10)) 
a- 180 
Odes = Odeg = 37.71 degrees 


Uv 
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6. Embedment strength of the timber 
Characteristic embedment strength of the beam timber parallel to the grain 
(equation (10.35); ECS, 


equation (8.32)) 
(The equation incorporates dimension factors for Mathcad.) 
3 
d 
Sno. = 0.082 - (a: a ) . (1 0.01 - ) -Nmm~? frox = 25.26 N/mm? 
kg mm 
Embedment factor for kop = 1.35+0.015-dmm7! = kog = 1.53 
softwood, koo, 
(Table 10.7 


(ECS, equation (8.33)) 
Sr.ox 


ko - sin(a)* + cos(a)* 


Characteristic embedment Shak = 
strength of timber at an angle 

to the grain, fiak 

(equation (10.36); ECS, fk = 21.08 N/mm? 
equation (8.31)) 


7. Yield moment of a bolt ne d \26 
Characteristic yield moment Myr. = 0.3- ( fak: ~) : (<) Nmm 
of a bolt, My.rx N a 


(Table 10.5 (ECS, My rx = 7.67 x 10*'Nmm 


equation (8.30)) 

(The equation incorporates 
dimension factors for 
Mathcad.) 


8. Withdrawal resistance of a bolt 


Tensile strength of the bolt, Flaxrk = faux: Abt F lax rk = 3.37 x 10*N 


F laxrk 
(BS EN 1993-1-8, 
ignoring k factor) 


Bearing capacity of the steel 
plate: 
(10.8.2 (EC5, 10.4.3(2)) 


Washer diameter used, d, dy =3-d dy = 36mm 
Bearing capacity of the Fo Hct Fags Z ' [az ane Imm)’] 


washer, F'2ax Rk 
(10.8.2 (ECS, 8.5.2(2))) 


Characteristic axial Fax rk = Min(F lax rk, F2axrk) Fax.rk = 6.64 x 10°N 
withdrawal capacity of the 
bolt, Fax Rk 


F2ax.Rk = 6.64 x 10°N 
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9. Load-carrying capacity of the connection at end A of beam AB 
For a central steel plate to timber joint with bolts in double shear, the 
characteristic lateral resistance per shear plane is the lesser of equations (10.16) 
(10.17) and (10.18) (ECS, equations (8.11)): 


Failure mode (f): Fyrxt = frak-ts-d Fy rk = 8.47 x 10°N 
M 0.5 Fy 
Failure mode (g): Fame faa td] (244. 5 at) if na 


Fy rk.g = 8.06 x 10°N 
Failure mode (h): 
Fix Rk 


Fyrkh = 2.3-./Myrx: frak > d+ a Fyrkn = 1.18 x 10*N 


0.5 
Maximum value of “is Fmaxrk = fnwk ‘t+ d- (2 +4. ae :) ] 
25% of Johansen part, Hieeedek 

Fimax.rx (10.3.5.3, (ECS, 

eaalee Fmax.rk = 6.4 x 10° N 


Le. Fimax.rk < Fax.px therefore the axial strength must be limited to 25% of the 
Johansen part: 


Wea 0.5 
Failure mode (g): Fly gig = 1.255 tao ter (2 +4. zs ) 7 


Shak . d y t.2 
Fly pkg = 8 x 10°N 


Failure mode (h): 


Flyrkn = 1.25-2.3-/Myrk- frak > d Fly rkh = 1.27 x 104*N 


The characteristic lateral Fy Rk = min(Fy rks Fy rg, Fyrkh; Fly rk, Fly rkn) 
resistance per shear plane _ ; 
per bolt, Fy rk Fyrk =8 x 10°N ie. failure mode (g) 


: P Kmod.med : Fy Rk 3 
The design load-carrying F,rxq = — — Fy ra = 4.92 x 10°N 


capacity per bolt per shear YM.connection 
plane, Fy ra 


The design load on bolt g per Fy = 4.89 x 10°N 
shear plane, Fa 


The design load is less than the capacity of the bolt; 
therefore OK 


Check the capacity of the row of bolts subjected to the maximum forces parallel 

to the grain, i.e. the bolts in the row positioned 95 mm above the centroid. 

(NB: No need to check rows perpendicular to grain as there is no strength reduction 
for rows in that direction.) 


The characteristic load-carrying capacity per shear plane per bolt based on failure 
mode (g), F Ay rk.g, parallel to the grain: 
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10. 


(from consideration of the strength equations this will still be the failure condition) 


FAY rk.g = (1.25) 5 Snox “ts: d- (244 : 


Number of bolts per shear 
plane in the row, np 


Effective number of bolts per 
shear plane in the row, ner 


(equation (10.45); ECS, 
equation (8.34)) 

(Mathcad adjusted to make it 
dimensionally correct.) 


Design force capacity per bolt 
per shear plane parallel to the 
grain taking bolt spacing 
effect into account, FH}, 


Design force component per 
bolt per shear plane parallel 
to the grain in each of the 
bolts in the row, F H, 


FH, = 


Nee. 0.5 
frox +t? 


FHy rk.g = 8.93 x 10°N 


100mm \°> 
13d 


Net = 2.41 


Np = 3 


Nef = min » nyo? 


1 k, 
FH, = nee» — + Fy rxe¢ _*mod.med' 


Nb YM.connection 


FH, = 4.4110°N 


MAsr.ma * Tmax * Ha 


Nsp * Npolt 


Vmax 


Nsp + D 


F Hy = 3.87 x 10°N 


Actual design force component in each bolt parallel to the grain is less than the 
permitted design force per bolt; therefore OK 


Shear strength of the timber at end A of beam AB 


The design shear force on the timber: 


Summation of ‘x’ distances 
of the bolts in the shear zone, 
Sx 


Maximum shear force — 
based on the forces in two 
shear planes in the line of 
bolts to the extreme left of the 
connection, Fly. 

(equation (12.19a)) 


Design shear stress within the tT. = 


connection area, Te. 


Flywva =2. Fin.d.max i 


S; =3-x 


Sy 3-RA 


Nbolt 


Tmax 


Flyya=7.1l x 10°N 


3 Flyv.a 
2 2-t,-(h—3-(d+1mm)] 
Tos = 0.61 N/mm? 


Design shear stress is less than the design shear strength and a check 
on the design bending stress will also show it is less than the design 
bending strength; therefore satisfactory. 


Appendix A 
Weights of Building Materials 


The characteristic value of the loading, Gx, based on the mean value of material density 
imposed by typical building materials, is given in Table Al. The values are based on 
the content of BS 648:1964. 
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Table Al Weights of building materials* 


Material Unit mass 
Asphalt 

Roofing 2 layers, 19 mm thick 42 kg/m? 

Damp-proofing, 19 mm thick 41 kg/m? 
Bitumen roofing felts 

Mineral surfaced bitumen per layer 44 kg/m? 
Glass fibre 

Slab, per 25 mm thick 2.0-5.0 kg/m? 
Gypsum panels and partitions 

Building panels 75 mm thick 44 kg/m? 
Lead 

Sheet, 2.5 mm thick 30 kg/m? 
Linoleum 

3 mm thick 6 kg/m? 
Plaster 

Two coats gypsum, 13 mm thick 22 kg/m? 
Plastic sheeting 

Corrugated 4.5 kg/m? 
Plywood 

per mm thick 0.7 kg/m? 
Rendering or screeding 

Cement:sand (1:3), 13 mm thick 30 kg/m? 
Slate tiles 

Depending upon thickness & source 24-78 kg/m? 
Steel 

Solid (mild) 7850 kg/m? 

Corrugated roofing sheet per mm thick 10 kg/m? 

(continued) 


Weights of Building Materials 
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Table Al (continued) 


Tarmacadam 

25 mm thick 60 kg/m? 
Tiling 

Clay, for roof 70 kg/m? 
Timber 

Softwood 590 kg/m? 

Hardwood 1250 kg/m? 
Water 1000 kg/m? 
Woodwool 

Slab, 25 mm thick 15 kg/m? 


*Based on BS 648: 1964. 


Appendix B 


Related British Standards for Timber 
Engineering in Buildings 


The following list of Eurocodes and their associated United Kingdom National Annex: 


Eurocode 0 


BS EN 1990: Eurocode — Basis of structural design 


Eurocode 1: Actions on structures 


BS EN 1991-1-1: Densities, self-weight and imposed loads for buildings 
BS EN 1991-1-2: Actions on structures exposed to fire 

BS EN 1991-1-3: Snow loads 

BS EN 1991-1-4: Wind actions 

BS EN 1991-1-5: Thermal actions 

BS EN 1991-1-6: Actions during execution 

BS EN 1991-1-7: Accidental actions 


Eurocode 5: Design of timber structures 


BS EN 1995-1-1: General —- Common rules and rules for buildings 
BS EN 1995-1-2: General rules — Structural fire design 
BS EN 1995-2: Bridges 


BS EN standards 


BS EN 300: Oriented strand board (OSB) — Definition, classification and specifica- 
tions 

BS EN 301: Adhesives phenolic and aminoplastic, for load-bearing timber structures: 
Classification and performance requirements 

BS EN 312: Particleboards — Specifications 

BS EN 335-1: Durability of wood and wood-based products. Definitions of use 
classes. General 
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BS EN 336: Structural timber — Sizes, permitted deviations 

BS EN 338: Structural timber — Strength classes 

BS EN 386: 2001 Glued-laminated timber — Performance requirements and mini- 
mum production requirements 

BS EN 387: Glued-laminated timber — Large finger joints — Performance require- 
ments and minimum production requirements 

BS EN 408: Timber structures — Structural timber and glued-laminated timber — 
Determination of some physical and mechanical properties 

BS EN 636: Plywood — Specifications 

BS EN 912: Timber fasteners — Specifications for connectors for timber 

BS EN 1193: Timber structures — Structural timber and glued-laminated timber — 
Determination of shear strength and mechanical properties perpendicular to the 
grain 

BS EN 1194: Timber structures — Glued-laminated timber — Strength classes and 
determination of characteristic values 

BS EN 12369-1: Wood-based panels — characteristic values for structural design. 
Part 1: OSB, particleboards and fibreboard 

BS EN 12369-2: Wood-based panels — characteristic values for structural design. 
Part 2: Plywood 

BS EN 14081-1: Timber structures — Strength-graded structural timber with rectan- 
gular cross-section. Part 1: General requirements 

BS EN 14081-2: Timber structures — Strength-graded structural timber with rectan- 
gular cross-section. Part 2: Machine grading, additional requirements for initial 
type testing 


British Standards 


BS 4471: Specification for sizes of sawn and processed softwood 

BS 4978: Specification for visual strength grading of softwood 

BS 5268-2: Structural use of timber. Part 2: Code of practice for permissible stress 
design, materials and workmanship 

BS 5359: Nomenclature of commercial timbers including sources of supply 

BS 5756: Specification for visual strength grading of hardwood 

BS 8417: Preservation of timber — Recommendations 


Appendix C 
Outline of Draft Amendment A1 to EN 1995-1-1 


At the time of publication of the book a Draft Amendment A1 to Eurocode 5: Design 
of structures. Part 1-1 is being processed. An outline of the proposed changes being 
considered, which, if approved, will be relevant to the content of this book, is given 
below. Where an amendment will result in a change to the design procedure described 
in the book, reference is made to the draft proposal in the text. 

The draft amendments are given against the section number used in EC5 and those 
that, if approved, will result in a change to the relevant item in the book are as follows: 


6.1.5 Compression perpendicular to the grain 
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The content of 6.1.5 will be effectively deleted and replaced by a new procedure. 

When a member is loaded perpendicular to the grain by a design load Fy,99,4 the 
bearing stress will be derived at the plane of contact between the load and the member 
and the design compressive stress perpendicular to the grain at this location, o¢,90,4, 
will be: 


Fe,90,4 
Aer 


where Agr is referred to as the ‘effective contact area perpendicular to the grain’. 

The area is obtained by multiplying the contact zone width by an ‘effective contact 

length’. The effective contact length can be the actual contact length, 2, as indicated 

in Figure C1, or may be derived by adding 30 mm to each end of the actual contact 

length but not more than a or £, where these dimensions are as indicated in Figure C1. 
The validation requirement will be: 


(C3.1) 


9¢,90,d = 


9¢,90,d X Ke,90fe,90,d (C3.2) 


where: 


© ke.99 remains as defined in ECS but the method of evaluating a value for the 
factor will be changed. The value should be taken to be 1, however for the bearing 
conditions shown in Figure C1, when £, > 2h, where h is the depth of the member, 
a higher value can be used for solid softwood timber and glued laminated timber 
members as given in Table Cl. 

Fc.90.4 18 the design compressive strength of the member perpendicular to the grain 
and will be derived as defined in 4.5.3. 
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Table C1 Value of kc.99 for solid timber and glued laminated timber members subjected 
to compression perpendicular to the grain 


Glued laminated timber 
Solid softwood member where the contact 
Member support condition timber member length £2 > 400 mm 
Continuous support (Figure Cla) Ke.99 = 1.25 Keoo = 1.5 
Discrete support (Figure C1b) Ke99 = 1.5 Keo9 = 1.75 


6.1.7. Shear 


In the proposed amendment, a section will be added to take account of the influence 
of cracks on the shear strength of members subjected to bending. In the proposal the 
width of the member will be reduced by multiplying its width, b, by a modification 
factor, Kor, the value of which will be dependent on the member material being used. 
The effective width of the member, b.¢, will be: 


bet = Korb 


where b is the actual width of the member and the value of k,, for different materials 
will be as given in Table C2. 

The derivation of the shear stress will remain as described in 4.5.2, but the ef- 
fective width, b.¢, rather than the actual member width, b, shall be used where the 
influence of cracks in the member has to be taken into account. The derivation of 
the shear strength is not altered. 


8.3.1 Laterally loaded nails 


The proposed change requires pre-drilling to be used in timber when the diameter, d, 
of a laterally loaded nail exceeds 6 mm. This corrects the wrong value of 8 mm given 
in ECS, 8.3.1.1(2), and the error has been referred to in the book. 


Cy oa. ae 


Tut why mi 


ty 


a 


(a) Member on a continuous support (b) Member on a discrete support 


Fig. C.1. Members with continuous or discrete support. 
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Table C2 The value for k,, for flexural members formed from solid 
timber, glued laminated timber or other wood-based products 


Member material Value for ke, 
Solid timber member 0.67 

Glued laminated timber member 0.67 

Other wood-based products 1.0 


8.7.2 Axially loaded screws 


In the draft proposal, the content of Table 8.6 in ECS is to be altered and the minimum 
end and edge distances are to be based on the distance to the centre of gravity of the 
threaded part of the screw in the relevant member. 

Providing the timber thickness is > 12 d, where d is the screw diameter, for joints 
formed as indicated in Figure C2, the minimum spacings, edge and end distances are 
to be as follows: 


e¢ Minimum screw spacing in a plane parallel to the grain, a; = 5d. 

e¢ Minimum screw spacing perpendicular to a plane parallel to the grain, az = 5d. 

e Minimum end distance of the centre of gravity of the threaded part of the screw 
in the member, a), = 5d. 

e Minimum edge distance of the centre of gravity of the threaded part of the screw 
in the member, a2, = 4d. 


where aj, a2, aj, and a2, are as shown in Figure C2. 

It is also proposed that the procedure given in EC5, equation (8.38), for calculating 
the characteristic withdrawal capacity of connections formed with axially loaded screws 
is to be replaced by an alternative expression that is applicable to screws having a 
minimum diameter of 6d. The draft amendment requires that for a connection with 
axially loaded screws having a minimum diameter of 6d, the characteristic withdrawal 
capacity, Fax.a,Rrk, Shall be derived from: 


0520" 22. 


ef 2 
1.2 cos?.a + sin? a 


Fax .a,Rk Hn 
where the symbols remain as defined in ECS and: 


© ff is the penetration length of the threaded part of the screw. This will apply to 
each of the members in the connection and it is to be noted that when dealing with 
the penetration length in the pointside member, the current EC5 requirement to 
reduce the length by one diameter has been deleted in this amendment. 

* px is the characteristic density of the pointside material (in kg/m’). 

¢ q is the angle between the axis of the screw and the grain direction. 


Also, where a < 30°, only short-term loading will be allowed. 


Index 


actions 58, see also Chapter 2 
accidental 58, 59 
favourable 134 
permanent 58, 59, 64, 71, 73, 78, 92, 127, 
130, 345, 356, 414 
quasi-permanent 57, 59, 63, 71, 75, 252, 
312, 413, 499 
unfavourable 134 
variable 58, 78 
accidental design situations 56, 71 
adhesive bonding 43 
additional properties 14 
American plywood 22-24 
angle of taper 215, 219, 220 
axial compression 69, 148, 150, 163, 299 
axial compression and bending 163 
axial loading 163, 174, 205, 293, 372, 500 


beams see Chapters 4, 6 & 7 
axes 76, 106 
curved 86, 211, 220-222 
glued laminated 86, 364, 205-247 
notched 91, 138 
rectangular 101, 109, 117, 259, 347 
solid section 101, 292 
straight 18, 101, 107, 148 
thin flanged 101, 130, 248-268 
thin webbed 37, 101, 131, 248-268 
trimmer joists 41 
bearing length 104, 120, 227, 284 
bearing stress 102, 121-122 
bending 
deflection 128-129, 223, 261 
stiffness 131-133, 294 
strength, 5, 12, 14, 60, 69, 105, 164, 208, 
254 
stress 92, 102, 104, 164, 211, 250, 256, 
340 
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bolts 90, 305, 372-374, 384 
axially loaded 406 
characteristic yield moment 383, 455 
edge distance 393, 455 
effective number 98, 396, 399, 459, 467 
end distance 393 
spacing rules 391-399 
box beams 39, 40, 43, 45, 248, 258, 261 
bracing 90, 92, 148, 304, 338-357, 415 
brittle failure 390, 394, 454, 461, 466, 485 
buckling length 151, 284, 341 
buckling strength 108-111, 152-154, 254, 
294, 300, 340-344 
built-up columns 148, 292-337 
bending stiffness 294 
buckling strength 294, 300 
combined axial loading and moment 311 
connection factor 306 
design criteria 301 
design procedure 291, 299-312 
effective axial stiffness 299, 300 
effect of creep 312 
latticed columns 308 
N-lattice 322 
spaced columns 293, 303-310 
spacer packs 303, 304 
V-lattice 308 


Canadian plywood 22-23 
cantilever 97, 109, 110, 126, 129, 260, 261 
characteristic embedment strength 89, 
383-386 
characteristic values 14, 21-38, 58, 153, 207, 
209 
characteristic values of actions 58 
accidental actions 58 
permanent actions 58 
variable actions 58 
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characteristic yield moment 88, 383 
classification of actions 58 

clear span 104 

columns, see Chapters 5, 6, and 8 


axial compression 69, 148, 150, 163, 299 

axial tension 162, 168 

built-up 148, 292-337 

buckling strength 152-154, 294, 300 

characteristic compressive strength 152, 
155, 254, 265, 301, 302 

combined bending and axial compression, 
164-166, 174 

combined bending and axial tension 168 

combined stresses 148 

compression at an angle to the grain 157 

effective length 150-153, 170, 175 

glued laminated 148, 153, 206, 232 

instability factor 153, 155, 164, 301, 303, 
307 

lateral torsional instability 163-168 

latticed columns 308 

rectangular section, solid see Chapter 5 

relative slenderness ratio 152, 154-155, 
300, 302 

slendermess ratio 69, 92, 150, 254, 300 

spaced 293, 303-310 

strength validation 163 


combination value 59, 63, 71, 92, 413 
combined stresses 148 

compression wood 5 

compressive strength 65, 120, 150, 153, 158, 
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computer 60, 94, 416, 500 
connections, see Chapters 10, 11 and 12 


alternating forces 399, 466 

axial loading 372, 375, 403, 500 

axial withdrawal 388-389, 408, 474, 507 

bolted 375, 385, 410 

brittle failure 390, 394, 454, 466, 485 

combined laterally and axially loaded 408 

design considerations 375, 452, 483 

design strength 396, 400, 409, 466, 490 

dowelled 376, 454 

effective number of fasteners 91, 396, 400, 
412, 484, 496 

final deformation 413, 414, 416 

friction effects 388 

instantaneous slip 410-415, 469 


lateral stiffness 409, 416, 468, 498, 500 
member thickness 386—387, 456, 462, 495 
moment behaviour 487 
multiple shear planes 401, 465 
nailed 373, 391, 393-394, 485 
punched metal plate 67, 372, 395, 400, 
467 
rigidity factors 502 
rotational stiffness 416, 483, 497-498, 
501-502 
screwed 410, 415 
secant rotational stiffness 497, 501 
semi-rigid behaviour 62, 125, 483-527 
shear planes 377, 382, 401-403, 413, 465, 
495 
split-rings 372, 452, 455, 459, 468, 469 
toothed-plates 452-459, 468, 469, 484 
conversion of timber 7 
creep 59, 65, 126-127, 251, 259, 312, 413 
critical bending stress 92, 108 


decking 25, 41, 43, 130 
defects in timber 10, 83 
deformation, deflection 
bending 128, 129, 223, 261 
cambered 69, 85, 101, 205, 212, 216, 220, 
222 
cantilever 126 
compression over supports 128 
creep 59, 65, 126, 127, 251, 259, 312, 413 
factor 77, 81, 128, 252, 312, 313, 414, 499, 
500 
final 126-127, 176, 125, 312, 375 
instantaneous 57, 64, 76, 125, 312, 375 
limiting values 125, 126, 377 
net final 91, 126 
out of plane 174, 175 
shear 128, 176, 216, 223, 259-261, 268, 
305 
shear amplification factor 128, 129 
slip in joints 131, 292, 410 
slip modulus 68, 80-82, 294, 313, 
410-416, 468 
density 3, 6, 11, 14, 58, 92, 150, 208 
design criteria 55, 129, 301 
design philosophy 
limit states 50, 52, 56, 57 
permissible stress 50 
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design resistance 62, 70 
design values of actions 57, 63, 71, 73 
design values of geometrical data 68 
design working life 52, 54-58 
diaphragms see Chapter 9 

floors and roofs 338, 348 

racking resistance of walls 351 
Douglas fir plywood 20, 22, 29, 449 
dowels see Chapter 10 

axially loaded 374, 406 

characteristic yield moment 88, 383 

edge distance 393, 455 

effective number 98, 396, 399, 459, 467 

end distance 393 

multiple 391, 396, 412 

spacing rules 391-399 
ductile failure 375, 377, 394, 454 
durability 3, 4, 11, 37, 43, 46, 50, 53-55 
duration of load 64, 91, 101, 251, 312 


effective diameter 383 
effective length 109 

beam 110-111 

column 150-153 
end rotation 503 
engineered wood products 1, 43 
equivalent flexural rigidity 130 
equivalent section approach (modular ratio 

approach) 210, 249, 259, 261 

Euler buckling load 151-153, 175, 342 
European 12, 50 
Eurocode 0 51, 52, 416 
Eurocode 1 50, 51, 53, 93 
Eurocode 3 400, 416 
Eurocode 5 50, 51, 93 


failure modes 164, 377, 388, 401, 403, 406, 
410, 465 
fastener see Chapter 10 
axial withdrawal 87, 388-389 
characteristic yield moment 88, 383 
dowel-type 61, 372-451 
effective diameter 89, 383-384 
effective number 90, 396, 397 
mechanical 260, 292, 409 
row 391, 396-397, 399, 458, 467, 
484 
stiffness 375, 396, 409-415 


fibre saturation point 7, 9, 65, 79, 259, 405, 
414 

Finnish plywood 22-25 

fire safety and resistance 46-47 

flexural members, see Chapter 4, see also 
beams 

flitched beams 42, 44 

frame analysis 415, 469, 500 

frequent value 59, 63, 92 

fundamental frequency 89, 130, 251 


glued laminated, see Chapter 6 
angle of taper 215, 219, 220 
apex zone 69, 84, 211, 216, 219, 

220 
bending deflection 223 
bending strength 208, 209-216 
bending stress 212-222 
column 232 
combined 207, 209, 211, 232 
criterion for bending stress 221 
criterion for radial tension stress 221 
curved beams 86, 211, 220-222 
design methodology 207 
finger joints 17-19, 222 
homogeneous 205, 207, 208 
horizontally laminated, 84, 207 
pitched cambered 69, 85, 205, 212, 216, 
221-222, 225 
radial stress 217, 218, 220 
radial tensile strength 220 
residual stresses 216 
shear deflection 216, 223 
stress class 211 
tapered members 205 
vertically laminated members 207 
volume effects 216, 220 

glulam, see glued laminated 

grades 5, 12-14 

grading 5, 11-12 
machine 12 
visual 12 

grain 5,7, 14 


Hankinson equation 385 
Hardwoods 3, 4, 5, 386 
holes 

pre-drilled 385 
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I-beams see Chapter 7 
imposed loads 51, 59, 93, 470 
instantaneous 
deflection 77, 91, 127 
deformation 57, 76, 77, 79, 91, 125, 
259 
loading 68, 79 
irreversible limit state 136 


Johansen, joint strength equations 377, 
388 
joints, see Chapters 10, 11 and 12 see also 
connections 
bolted 375, 385, 410 
dowelled 376, 454 
nailed 373, 391, 393-394, 485 
screwed 410, 415 
shear-plate 455, 459, 468-469 
split-ring 372, 452, 455, 459, 468-469 
toothed-plate 452-459, 468, 469, 484 
joists 35, 37, 41, 101-102, 250 
juvenile wood 2, 6, 7, 11 


knots 4, 11, 12, 150, 162 


laminated strand lumber (LSL) 17, 22 
laminated veneer lumber (LVL) 16, 22, 31, 
66, 93 
lateral bracing see Chapters 11 
beam, truss or column systems 345-348 
single members 341-345 
lateral instability, of columns 148, 150, 
292 
lateral stability 254, 338, 345-352 
lateral supports, restraint 109, 342 
lateral torsional instability, of beams 102, 
105, 107, 216 
length, see effective length 
limit states 50, 52, 56, 57 
linear elastic analysis 60-62, 68, 312, 343 
first order analysis 60 
second order analysis 60, 151 
load duration classes 14, 64, 73, 103 
instantaneous 64, 66 
long-term 64, 66 
medium-term 64, 66 
permanent 64, 66 
short-term 64, 66 


load combinations 70, 103, 133 

accidental combinations 66, 67, 73 

characteristic combination 57, 75, 78, 
127 

frequent combination 75, 78, 80, 259 

fundamental combinations 66, 68, 71 

quasi-permanent combination 57, 75, 80, 
413, 414 


machine grading 12 
major axis 105, 107, 163, 169 
material properties 1, 14, 63, 67, 155 
Mathcad, see Chapter 3 
mechanical fasteners, see connections, joints 
medium-term duration loading 64, 66 
modification factor for load duration and 
service class 64, 70, 73, 79, 103, 155 
modulus of elasticity 12, 14, 15, 68 
fifth percentile 87, 301 
final mean value 81, 87 
mean 14, 15, 68, 81, 87, 127 
moisture content, 1, 3, 7,9, 10, 11, 16, 64, 65, 
719 


nails, nailed joints 306, 310, 372-373, 393, 
504 
axially loaded 403-406 
characteristic withdrawal capacity 389, 
404, 407 
characteristic yield moment 383-384 
edge distance 391, 392 
effective number 396-399 
end distance 391, 392 
member thickness 386 
minimum penetration 389-390 
pointside withdrawal 389, 404, 405 
pull-through resistance 404 
spacing rules 391-392 
non-linear analysis 60-61 
first order analysis 60 
second order analysis 60 
notch in a member 115-118 


oriented strand board (O.S.B) 17, 25, 248, 
263 


panel shear 24, 90, 257, 350 
parallel strand lumber (PSP) 17, 25 
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partial factors 62, 63, 67, 74, 125 
for actions 125 
for material properties 67 
partial factor method 57, 62, 70, 103, 148 
particle boards and fibre composites 35 
permanent actions 58-59, 71-73, 78, 92, 127, 
130 
permissible stress 50, 410 
persistent design situations 56, 170 
plate bending stiffness 133 
plywood 20-22 
precamber 231 
pre-drilling 162, 373, 384, 390, 393, 411 
preservative treatment 45—46 
principles of limit state design 55 


Quality management 54, 55, 93 
quasi-permanent value 59, 63, 71, 78, 92, 
312, 414, 499 


racking strength 169, 351, 354, 356 

radial stresses 212, 216, 219, 225 

radius of gyration 90, 150, 151 

reaction wood 5 

relative slenderness ratio 92, 105, 152, 155, 
300 

reliability 50, 53, 56, 73, 103 

representative values 58, 59, 63, 92 

reversible limit state 75 

robustness 53, 55 

rolling shear 116, 119, 258 


screws, screwed joints 373 
axially loaded 406 
characteristic withdrawal capacity 407 
characteristic yield moment 383-384 
edge distance 391-392 
effective diameter 383, 384 
effective number 396-399 
end distance 391-392 
minimum penetration 390 
spacing rules 391-392 
seasoning 4, 7, 10, 11 
seasoning defects 11 
second moment of area 88, 104, 107 
section sizes 16, 47 
service classes 65 
service class 1 65 


service class 2 65 
service class 3 65 
serviceability limit states 52, 56, 74, 101, 
103, 125, 339, 375 
deformation, deflection 75 
vibration 74 
shear amplification factor 128, 129 
shear block failure 460, 461, 462 
shear deflection 216, 223, 259, 261, 
268 
shear modulus 14, 68, 80, 81, 107, 128, 209, 
210 
shear-plate connectors 455, 459 
edge distance 455 
effective number 464-465 
end distance 455 
spacing rules 455 
stiffness behaviour 468 
strength behaviour 459 
sheathing material 91, 170, 354, 356 
sheathing material factor 91, 356 
size factor 67, 84, 216 
slendermess ratio 69, 92, 150, 254, 300 
slip, in joints 131, 292, 410 
slip modulus 68, 80-81, 410-415 
slope of grain 5, 25 
softwoods 3, 5, 14 
spaced columns, see Chapter 8 
species 12-14 
split-ring, and ring connector 452, 455, 
459 
edge distance 455 
effective number 464-465 
end distance 455 
spacing rules 455 
stiffness behaviour 468 
strength behaviour 459 
staples 398 
edge distance 392 
end distance 392 
member thickness 386 
minimum penetration 390 
spacing rules 392 
steel plates, gusset plates 375, 377, 381, 406, 
504 
straightness limits 154 
strength classes 13-15, 113 
strength grading 11-12 
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strength properties 12, 15,55, 85 

strength validation 82, 111, 163, 166 

structural insulated panels (SIP’s) 
40 

stud walls 169-176 

suspended timber flooring 41 

Swedish plywood 22-24 

system strength factor 85, 87, 91, 106, 171, 
211, 254 


tapered beams 211-212, 216-217 
tension members 162 
tension wood 5 
thin webbed beams 39, 249, 251, 
263 
thin webbed joists 37, 40, 131 
toothed-plate connectors 452-459 
edge distance 455 
effective number 464-465 
end distance 455 
spacing rules 455 
stiffness behaviour 468 
strength behaviour 459 
torsion of members 123-124 
transformed section 252, 259 
transient design situations 56, 66, 71, 
73 


ultimate limit states 52, 56 67 
equilibrium 70 
fatigue 70 
geotechnical 70 
strength 70 
United Kingdom National Annex 51 
Nationally Determined Parameter (NDP) 
342 
Non-Contradictory Complimentary 
Information (NCCI) 51 


variable actions 
accompanying variable action 71, 78, 88 
leading variable action 71, 72, 78, 88 
vibration, of residential floors 74, 129-133 
footfall induced 130 
high frequency effects 132 
low frequency effects 130 
machine enforced 129 
modal damping ratio 92, 132 
residential floors 91, 132 
unit impulse velocity response 91, 132 
visual grading 12 
volume effects 216, 220 


wane 10, 12 
Weibull distribution theory 83 
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All design examples given in this book are produced in the form of worksheets using 
Mathcad computer software, licensed by Mathsoft Engineering & Education Inc, and 
are available on CD to run under Mathcad Version 11 or higher on any IBM/PC Personal 
Computer. 

The worksheet files are labelled Example /.m.n.mcd where /.m refers to the chapter 
and section numbers and n to the example number in that chapter. For example, Example 
6.7.2.mcd refers to Example 2 in Chapter 6, Section 7. 

It is recommended that the user make a backup copy of the worksheets. This way 
he or she is free to experiment with the worksheets. When a worksheet is loaded it 
should be saved under a new file name so that the modified original disk file remains 
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